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Abstract
Passive cooling via natural circulation of gas after a loss of coolant (LOCA) accident is one of
the major goals of the Gas-cooled Fast Reactor (GFR). Due to its high surface heat flux and low coolant
velocities under natural circulation in post-LOCA scenarios, the capability of turbulent gas flow to
remove heat from the GFR core can be impaired by either a buoyancy effect or an acceleration effect.
These phenomena lead to a Deteriorated Turbulent Heat Transfer (DTHT) regime. To predict accurately
the cladding temperature at the hot spot, reliable heat transfer correlations that account correctly for
these effects are needed. This work addresses this need by experimentally obtaining heat transfer data
and developing new heat transfer correlations that can be used in system analysis codes, such as
RELAP5-3D, to reduce uncertainties of predictions in these DTHT regimes.
An experimental facility was designed and built using similitude analysis to match key
experimental loop parameters to the GFRs' Decay Heat Removal (DHR) system operating conditions to
the largest extent possible. Through a thorough literature survey two non-dimensional numbers namely
(1) the buoyancy parameter (Bo*) and (2) the acceleration parameter (Ky) were identified as important
indicators of the DTHT regime. The experimental data was collected for a range of (1) inlet Reynolds
number from 1800 to 42,700, (2) inlet Bo* up to 1X10 5 (3) and inlet K, up to 5X10-6. The data showed
significantly higher reduction of the Nusselt number (up to by 70%) than previously reported (up to
50%). Also, the threshold at which DTHT regime occurs was found to be at smaller non-dimensional
numbers than previously reported. A new phenomenon "re-turbulization", where the laminarized heat
transfer recovers back to turbulent flow along the channel, was observed in the experiment. A new single
phase gas flow heat transfer map is proposed based on the non-dimensional heat flux and the Reynolds
number in our data, and is shown to compare well with data in the literature.
Three sets of new correlations were developed, which reflect both the buoyancy and
acceleration effects and have better accuracy as well as ease of numerical implementation than the
existing correlations. The correlations are based on the Gnielinski correlation and replace the Reynolds
number subtracting constant by a functional form that accounts for the buoyancy and acceleration effects
separately, or in the combined form through a newly introduced non-dimensional "DTHT" number. The
three correlation types have different complexity level, with the first being the most complex and the
third being the most simple and easy to apply without any need for iterations.
Additional runs with natural circulation showed that the friction factor in the DTHT regime
could be significantly higher than predicted by conventional friction factor correlations, although more
experiments will be needed to develop reliable correlations for pressure drop in these regimes. Overall,
it is concluded that due to the low heat transfer coefficient and increased friction factor in the DTHT
regime, the GFR DHR system should be ideally designed to operate outside the DTHT regime to (1)
avoid reduction of heat transfer capability, (2) avoid increase of pressure drop, and (3) reduce
uncertainties in predictions of the cladding temperature.
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Nomenclature
c,: specific heat at constant pressure (J/kg K)
g: gravitational acceleration (in2 / sec)
h: heat transfer coefficient (W/m 2 K)
k: thermal conductivity of gas (W/m K)
rh: mass flow rate (kg/sec)
q': heat flux (W/m2 )
x: axial direction and distance (in)
y: radial direction
A : area (M2 )
D: pipe diameter (m)
E,,: electrical signal of hotwire (V)
G: mass flux (kg/m2 sec)
H : enthalpy (J/kg)
L: length (m)
P: system pressure (MPa)




a: thermal diffusivity = - (M 2 / sec)
pc,
pl: thermal expansion coefficient=- (K- 1)
p : dynamic viscosity (kg/m sec)




Bo*: buoyancy parameter = R rq
Re3425 Pr 08
GrAT: Grashof number = gfl (T. 2 ,) D 
3
V2
Grq : Grashof number based on heat flux = Gr, Nu
.v dUb 4q*KV: acceleration parameter = -- d.b Z _
Ubdx Re
Nu: Nusselt number = hD
Pr: Prandtl number = -
a
Ra: Rayleigh number = GrAT Pr
Re: Reynolds number = UD
V
q*: nondimensional heat flux=
GHb














1.1 Background and Motivation
The Gas-Cooled Fast Reactor (GFR) is one of the six advanced reactor designs among the Generation
IV concepts, under development in the U.S., France, and Japan. It is widely recognized that one of the
design challenges of this type of reactor is to ensure sufficient decay heat removal in loss of coolant
accidents, because gases have inherently mediocre heat transfer coefficients and specific heat capacities
at low pressures. This shortcoming of gas coolants has been circumvented in gas-cooled thermal reactors
by reliance on conduction and radiation of decay heat to the vessel wall, through the solid graphite
matrix or pebble bed core, and ultimately to the heat sink. Thus, no coolant is required to maintain the
core within acceptable temperature limits.
Although this approach is in principle possible for the GFR core, unacceptably high costs are
unavoidable as a result of the required isotopic enrichment required to avoid activation of suitable core
materials and the higher enrichment and core heavy metal loading [Hejzlar et al. 2002]. It may be
extremely difficult to achieve good economy - an important Generation IV goal and the key requirement
of the current electricity generation market. Therefore, fast reactors must be operated at significantly
higher power densities than their thermal counterparts to offset the cost associated with the higher
enrichment and heavy metal requirements. Because the required power density is at least an order of
magnitude higher than the typical 4 to 8 kW/l for thermal helium cooled rectors, use of the conduction
and radiation heat transfer modes cannot solely provide sufficient decay heat removal rates. Thus,
different approaches for dissipation of decay heat must be adopted.
Active gas cooling loops using electrically driven blowers and heat exchangers were used in earlier gas-
cooled fast reactor designs [Gratton, 1981]. However, in the last decade, an increased emphasis has been
placed on passive decay heat removal systems due to their simplicity and presumed higher reliability
(since they do not depend on energy sources). This preference for passive systems for decay heat
removal is also present in the Generation IV program. Therefore, there is a strong incentive for GFR
designs having the capability to dissipate decay heat by passive means. To ensure decay heat removal
from the GFR core using natural mechanisms is, however, a very ambitious and difficult task, given the
aforementioned need for high power density. The ongoing U.S.-French International-Nuclear
Engineering Research Initiative (I-NERI) Program of Generation IV GFR design identified the
convection loops connecting the core and elevated heat exchangers that provide heat sinks with elevated
pressure inside the guard containment after the primary system depressurization as the most promising
option [Gamier, 2003]. Since, such a system requires very low core pressure drop, candidates for such
cores are a block type core with circular channels (MIT and Japanese design) and a plate-type core (CEA
design). An example of the GFR with block type core is shown in Figure 1-1.
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Fuel Element Core Lay-out
Core Vessel
Figure 1-1 GFR Configuration with Block-Type Core (from [Lee et al., 2006])
To design the core and heat exchangers, and to ensure that fkuel and cladding limits are not exceeded
during post-LOCA, firm knowledge of heat transfer coefficients and friction factors in these regions is
necessary. In addition, system analysis codes should have the capability to simulate all the regimes with
reasonably low uncertainties. Hence, the heat transfer and friction factor correlations will have to be
available in the codes and will have to be implemented in such a way that code stability is ensured when
transition among individual regimes occurs. When the existing system analysis codes, such as RELAP5-
3D, are applied to the analysis of the GFR convection decay heat removal loop, the following needs for
additional research and development become evident and these points will be clearly shown later in
more detail.
1. Currently available system analysis codes do not successfully cover the whole flow regime map
in terms of heat transfer and friction factor correlations, which will be demonstrated in the
following chapters. This is because the system analysis codes were originally designed for
active systems with forced convection cooling. Clearly, there is a need to cover the whole flow
regime map, if the code is to be used for analysis of the GFR passive decay heat removal system,
and also for analysis of general gas systems in various operating conditions.
2. Although a large number of heat transfer correlations for one-phase flow is available in the
literature [Kakac et al., 1987], a unified approach designed to cover the entire range of possible
flow regimes is missing. However, the boundaries between the regions cannot be always clearly
defined, or if defined, large discontinuities in the heat transfer coefficient correlations exist.
Therefore, there is an acute need to develop a robust set of heat transfer correlations that (i)
covers the entire flow regime map, (ii) has clearly defined boundaries using a consistent set of
dimensionless numbers for the whole map, and (iii) ensures smooth transitions of correlations at
regime boundaries if the real physical phenomena occur continuously, which is a necessary
condition for numerical stability of the large system codes, such as RELAP5-3D.
3. There are many possible heat transfer and flow regimes in which a system can operate. Heat
transfer correlations are generally available for forced and natural convection regimes in both
turbulent and laminar flows and more recently mixed convection regime correlations were also
developed. However, there are gaps in the transition regions between various flow regimes,
where no heat transfer the correlations are available. In some regimes, correlations have a small
range of validity that does not cover the whole region. Therefore, there is a need to obtain more
experimental data to validate existing correlations and to reduce the uncertainties and expand
their applicable range. If the new experiments show that none of the existing correlation
successfully agrees with the data, then these data will be utilized to develop a new set of heat
transfer correlation
1.2 Technical Objectives
To address the aforementioned needs, the following objectives were set for this research:
1 Acquire experimental data needed to fill the gaps (to the extent possible) in heat transfer
correlations and identification of the boundaries for transitions between individual heat transfer
regimes.
2 Develop heat transfer correlations for all regimes, including the transition regions, in such a manner
that it captures the physical phenomena and is suitable for easy implementation into system analysis
codes, such as RELAP5-3D.
1.3 Thesis Organization
Chapter 2 gives a brief description of both helium and super critical carbon dioxide cooled GFR systems
and identifies uncertainties in the system analysis results obtained with RELAP5-3D. This chapter will
provide more details for the motivation of the thesis work. Chapter 3 briefly discusses two major
physical phenomena that can cause Deteriorate Turbulent Heat Transfer (DTHT) during the natural
circulation period of GFR DHR system, and provides a simple methodology to check if a designed
system operates in the DTHT regime. Chapter 4 describes the two physical phenomena introduced in
Chapter 3 with more details by providing a wide range of literature survey. Furthermore, existing heat
transfer correlations in the DTHT regime are gathered and presented in this chapter, which will be
compared to the obtained experimental data in the later part of the thesis.
Chapter 5 provides a description of the experimental facility, which was set up to obtain data in the
DTHT regime. The design process and detail description of individual components are given in this
chapter. Chapter 6 explains an attempt to measure the velocity and temperature profiles with a hot-wire
during the DTHT operation in order to have deeper understanding of the phenomena. However, due to
the uniqueness of the designed experimental facility, the hot-wire system operated unsatisfactorily.
Chapter 7 shows how the obtained raw data from the experimental facility were processed and reduced
to a set of non-dimensional numbers. Three exemplary runs, which were taken during the preliminary
tests of the facility, are shown to illustrate the data reduction process. Chapter 8 presents the obtained
experimental data with three gases: (1) nitrogen, (2) helium and (3) carbon-dioxide in the DTHT, mixed
laminar and forced turbulent heat transfer regimes. Furthermore, based on the data, a new single phase
gas heat transfer regime map is proposed. Chapter 9 compares the obtained data to the existing
correlations from Chapter 4. Celeta et al.'s correlation was found to yield the "best" fit in the DTHT
regime but several shortcomings of this correlation were identified during the comparison process.
Chapter 10 explains the process for creating three new sets of heat transfer correlations for the DTHT
regime and demonstrates the performance of each set. In addition, a new non-dimensional number,
namely "DTHT" number, is proposed. Chapter 11 demonstrates the performance of the system analysis
code, RELAP5-3D, and in house code LOCA-COLA versus natural circulation data of the facility. Both
codes were utilized to show the impact of the heat transfer deterioration and the alteration of the friction
factor in the DTHT regime. And finally Chapter 12 summarizes the thesis work and suggest some future
research along with conclusions.
2 Description of GFR Design and Issues in the Analysis of
GFR Passive DHR System
This chapter provides a brief description of two recent Gas-cooled Fast Reactor (GFR) designs - a
helium cooled GFR developed by CEA and a supercritical CO2 (S-C0 2) cooled GFR design developed
at MIT. Since the thermal hydraulic design information for the helium cooled core is documented in
[Hejzlar et al., 2005] and the super critical carbon dioxide (S-CO 2) cooled core is presented in [Pope,
2006], detailed descriptions of both GFR systems will not be repeated here. The brief description will be
followed by analysis using RELAP5-3D of both GFR designs under LOCA with station blackout, which
is the most challenging accident for gas cooled fast reactors. Moreover, major design changes for the S-
CO 2 cooled GFR that were implemented based on the LOCA analysis by Pope (2006), will also be
presented. Lastly, a discussion will be given as to why the results from a system analysis code such as
RELAP5-3D may inherently contain uncertainties for predicting the cladding temperature (after
depressurization) under passive operation of the Decay Heat Removal (DHR) system.
2.1 Review of He and S-CO 2 Cooled GFR Designs
As shown in Figure 2-1, the He-cooled GFR consists of three main units - reactor vessel, passive/active
DHR system, and Power Conversion Unit/System (PCU/PCS). The He GFR concept is rated at
600MWth and has one PCS connected through a coaxial duct to the reactor vessel. The PCS is an
integral design with vertical arrangement of the PCS vessel. The key goals pursued in the He-cooled
GFR development are excellent safety and good economy. Since the active systems depend on a power
supply that can fail, passive systems are expected to achieve higher safety and potentially better
economy due to simplification, and elimination of safety-grade trains. Therefore, emphasis in the GFR
development was placed on the passive safety systems, in particular for decay heat removal in post
LOCA situations, which is the key challenge for any gas cooled reactor. This is achieved through natural
circulation of the gas coolant between the low-pressure drop core and gas/water heat exchangers placed
at a higher elevation. Because heat removed rates by natural circulation of gas are inherently small, the
gas needs to be at higher pressure. This is accomplished by having the entire GFR system enclosed by a
guard containment, as indicated in Figure 2-1. In case of LOCA, the entire system depressurizes into the
guard containment and establishes an elevated containment pressure at which natural circulation decay
heat removal is increased alone its value at atmospheric pressure. Since containment pressures for
helium coolant are significantly higher than the pressures of current Light Water Reactor containments,
the guard containment cost of GFR increases, and affects plant economy negatively. Therefore, a
combination of active/passive decay heat removal with emergency helium circulators was proposed as
another alternative to the fully passive design. Figure 2-1 shows I out of 4 loops (4x50%) of the decay
heat removal system with blowers [Hejzlar et al., 2005].
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Figure 2-1 Layout of He GFR Plant with Active/Passive DHR [Hejzlar et al., 2005]
Figure 2-2 shows the layout of the S-CO2 GFR with the core, active DHR system (also called
Shutdown/Emergency Cooling System (SCS/ECS)) and PCS [Pope, 2006]. The turbine, main
compressor and recompressing compressor are all connected to a single shaft in the PCS, as shown in
Figure 2-2, which is the same for the He-cooled GFR. A blower for the active DHR system is placed in
the reactor vessel and a water loop is connected through the heat exchanger to the DHR system. To
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Figure 2-2 Layout of S-CO2 GFR Plant with Active DHR [Pope, 2006]
Figure 2-3 and Figure 2-4 show the fuel assembly design and core layout for the helium cooled GFR.
The design was developed by CEA [Rouault et al., 2005]. The core employs CERCER 70/30 plate fuel
technology. The Yellow and red colors correspond to fuel sub-assemblies with two different plutonium
enrichments in order to reduce the radial power peaking. Blue assemblies are the control sub-assemblies
whereas green are the shutdown sub-assemblies [Hejzlar et al., 2005].
Figure 2-6 and Figure 2-5 show the Tube-In-Duct (TID) fuel assembly and core layout of S-CO2 GFR.
TID fuel is an innovative design in order to achieve high fuel volume fraction in the core and low-
pressure drop for the same fuel temperature rise. In addition by obtaining high fuel volume fraction,
better chemical stability of the fuel and lower impact of the potential positive void reactivity coefficient
of the fast reactor were achieved [Pope, 2006].
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Figure 2-3 Plate-Type Fuel Assembly [Rouault and Wei , 2005]
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Figure 2-6 Horizontal Cross-section Core Layout [Pope, 2006]
Table 2-1 provides important parameters in the current core design of He and S-CO 2 GFRs. These
parameters are obtained from an optimization process, as documented in [Hejzlar et al., 2005] and [Pope,
2006].
TABLE 2-1 SUMMARY OF GFR CORE PARAMETERS [HEJZLAR ET AL., 2005; POPE, 2006]
He GFR S-CO2 GFR
Major Parameters
Reactor power (MWt) 600 Reactor power (MWt) 2400
Core inlet temperature ('C) 480 Core inlet temperature (1C) 485.5
Core outlet temperature ( C) 850 Core outlet temperature ( C) 650.0
System pressure (MPa) 7 System pressure (MPa) 20
Power Density (MW/m3) 103 Power Density (MW/m3) 1100
Core Geometry
Active core volume (m3) 5.8 Active core volume (m3) 28
Active core diameter (m) 2.07 Active core diameter (m) 4.81
Lower inactive length (m) 1.0 Lower inactive length (m) 1.1
Active core length (m) 1.95 Active core length (m) 1.54
Upper inactive length (m) 1.0 Upper inactive length (m) 1.0
Number of fuel assemblies 112 Number of fuel assemblies 378
Fuel Assembly Geometry
Number of plates per core subassembly 21 Fueled locations per assembly 265
Number of channels per core subassembly 24 Unfueled locations per assembly corners 6
Interassembly gap (mm) 7 Duct wall flat-to-flat inner (mm) 223
Hexagonal duct wall thickness (mm) 2.5 Duct wall thickness (mm) 2
Flat-to-flat of hexagonal duct (mm) 168.3 Duct wall flat-to-flat outer (mm) 227
Plate geometry Coolant Channels
Plate thickness (mm) 5.31 Inner diameter (mm) 7.0
Coating thickness (mm) 0.3 Cladding thickness (mm) 0.7
Plate width (mm) 94.3 Outer diameter (mm) 8.4
Hydraulic diameter (mm) 12.7 Channel pitch (mm) 13.3
Plate to plate distance (mm) 6.36
Materials
Fuel CERCER(U,Pu) Fuel BeO/(U,TRU)0 2
Clad SiC Clad ODSMA956
2.2 Behavior of He and S-CO 2 GFRs During LOCA
In this section, LOCA scenario is briefly presented for both He and S-CO 2 cooled GFRs. RELAP5-3D
inputs to simulate both reactors were prepared in [Mackay et al., 2007] and [Pope, 2006], respectively.
Since the designed parameters and the RELAP5-3D modeled parameters closely matched in both cases,
























Figure 2-8 He GFR-SCS/ECS RELAP5-3D Nodalization [Mackay et al., 2007]
Figure 2-7 and Figure 2-8 show the He-cooled GFR RELAP5-3D nodalization, which are redrawn from
[Mackay et al., 2007]. Two DHR systems are connected to the core to provide sufficient cooling through
natural circulation during a LOCA. In [Mackay et al., 2007], 5cm 2 break (062 valve in Figure 2-7) on
the cold leg side was analyzed since it is more likely to have a small break than a large break size in the
system, even though it may have a potential for being less conservative for the safety analysis. Figure
2-9 shows the peak cladding temperature of the hot channel, Figure 2-10 illustrates the pressure change
in the core and the containment. Both figures are generated from the input deck prepared by Mackay
(2007). Figure 2-9 shows that during a LOCA transient two passive DHR systems successfully remove
the heat generated from the core and prevent the maximum clad temperature from exceeding the silicon
carbide cladding failure temperature, 1873K. However, it was identified in [Mackay et al., 2007] that in
some cases (i.e. leaky check valve, junction 665 or 674 in Figure 2-8 leaks before it opens) the two DHR
systems develop natural circulation flow in the opposite direction and the flow by-passes the core, which
results in insufficient cooling of the core, and eventually cladding failure. This problem will not be
addressed in detail here but improvement of the design is necessary to increase the passive system
reliability, as was concluded in [Mackay et al., 2007].
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Figure 2-11 and Figure 2-12 show the nodalization of the S-CO 2 cooled GFR for RELAP5-3D analysis,
which are adopted and redrawn from [Pope, 2006]. LOCA results for S-CO 2 GFR are based on a cold
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Figure 2-11 S-Co 2 GFR (w/o DHR) RELAP5-3D Nodalization [Pope, 2006]
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Figure 2-12 S-Co 2 GFR-SCS/ECS RELAP5-3D Nodalization [Pope, 2006]
Since the S-CO 2 cooled GFR is equipped with an active DHR system, the blower was engaged at 600 sec
after initiation of the LOCA transient. It should be noted that RELAP5 suffered frequent thermodynamic
property errors in the PCS. To overcome this problem, Pope eliminated both the intact loop PCS and
break loop PCS from the RELAP5 model after 600 sec. This was done on the basis that the total amount
of flow that passes through the PCS was very small after 600 sec [Pope, 2006]. Figure 2-13 and Figure
2-14 show the peak cladding temperature and the pressure inside the core and the containment during
LOCA, respectively. Figure 2-13 shows that the active DHR system adequately removes decay heat from
the core and maintains the peak cladding temperature below 1473K limit, which is different from that of
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2.3 Applicability of RELAP5-3D Heat Transfer Model to GFR
Passive DHR System
In the last section, the system analysis results of both GFRs under LOCA conditions were shown. One of
the most important indicators for assuring the safety of a nuclear system during LOCA is the peak
cladding temperature (Figure 2-9 and Figure 2-13). However, predicting the peak cladding temperature
with a system analysis code, such as RELAP5-3D, is strongly dependent on the selection of heat transfer
correlation. This issue will be addressed in this section in more detail.
According to RELAP5-3D code manual [INL, 2005] RELAP5-3D single phase heat transfer for a
vertically oriented volume is modeled as follows. Figure 2-15 shows the single heat transfer map for
RELAP5-3D for a typical gas, which has a Prandtl number equal to 0.7 (Pr=0.7) in a vertically oriented
volume for varying LID ratio. The heat transfer model is given in Equation (2-1). RELAP5-3D takes the
maximum value of three calculated heat transfer coefficients to obtain the single phase heat transfer
coefficient. It is also noted that free convection heat transfer coefficient has a different characteristics
length (=L) compared to two other correlations (=D). This is because the free convection correlation
(Churchill-Chu correlation) was developed from a vertical plate experiment where the characteristic
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Figure 2-15 RELAP5-3D Single Phase Heat Transfer Map in a Vertically Oriented Volume
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However, two major uncertainties can be identified in the above RELAP5-3D scheme for obtaining the
single phase heat transfer coefficient. The first uncertainty source comes from the heat transfer map
itself. One of the widely accepted single phase heat transfer maps can be found in [Metais and Eckert,
1964]. The map of Metais and Eckert is shown in Figure 2-16. By comparing Figure 2-15 to Figure 2-16,
it can be clearly observed that the RELAP5-3D single phase heat transfer map is a simplified version of
Figure 2-16. Comparing the two figures, it can be observed that mixed convection laminar, mixed
convection turbulent and free convection laminar heat transfer regimes are missing in Figure 2-15. It is
noted that "mixed convection" is defined as when the local buoyancy force is equivalent to the inertia of
the flow. Mixed convection laminar or turbulent flow shows unique behavior and this will be discussed
more thoroughly in the following chapters. Furthermore, there is no transition regime in Figure 2-15
between the turbulent and laminar flow regimes. It should be noted that the Grashof number defined in
Figure 2-16 is based on the log-mean temperature difference (Equation (2-2)).
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Figure 2-16 Heat Transfer Map for Heated Vertical Flow Adopted From [Metais & Eckert, 1964]
However, there are some difficulties for directly applying the heat transfer map given in Figure 2-16 to
the GFR system analysis. Firstly, sinc thres is no mathematical relationship given in [Metais and Eckert,
1964] for the boundary between regimes, it is not straightforward to implement the map into the
computer code. Secondly, the restriction for applying Figure 2-16 is that the value of L/D should be
smaller than 100 and the Prandtl number should be greater than unity, which are not typical GFR
conditions (LID >150 and Pr~0.7). Lastly, there is no recommended heat transfer correlation for each
regime in [Metais and Eckert, 1964]. Hence, [Williams et al., 2003] suggested a similar heat transfer
map to the Metais and Eckert's map, but with clearer boundaries and selected heat transfer correlations
for each regime. The mathematical relationships for the boundaries were adopted from the other
literature sources [Williams et al., 2003], shown in Figure 2-17.
Figure 2-17 was implemented in the Loss of Coolant Accident - Convection Loop Analysis (LOCA-
COLA) computer code developed at MIT. The LOCA-COLA is used later for designing the
experimental facility and validating the performance of various correlations under natural circulation
condition. It should be noted that the map from [Williams et al., 2003] also utilized the log mean
temperature difference for evaluating the Rayleigh number. The Rayleigh number can be obtained by
multiplying the Prandtl number by the Grashof number.
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Figure 2-17 Heat Transfer Map for Heated Vertical Flow Adopted From [Williams et al., 2003]
The second uncertainty in RELAP5-3D analysis comes from the selection of the free convection heat
transfer correlation. As indicated in the RELAP5-3D manual [INL, 2005], the Churchill-Chu correlation
was not developed for an internal flow heat transfer but developed for an external flow along a vertical
plate. However, the boundary layer characteristic of the external flow is different from that of the
internal flow. For instance, the streamwise distance is selected as the characteristic length to describe the
external flow while the equivalent hydraulic diameter of the channel is selected as the characteristic
length for the internal flow. Therefore, applying the free convection correlation, which was not
developed for an internal flow, can induce significant errors when calculating the cladding temperature
in an enclosed square channel (He-cooled GFR) or a circular channel (S-CO 2 cooled GFR, TID fuel
core).
Typically, heat transfer in coolant channels of reactor cores is highly turbulent and free convection does
not occur. However, natural circulation of the gas in the current GFR designs has low Reynolds numbers
and conditions for free convection can arise, as will be demonstrated next. In addition, the selected heat
transfer correlations for the mixed convection regime and free convection regime in [Williams et al.,
2003] were also based on the Churchill-Chu correlation, which is similar to the RELAP5-3D approach.
Hence, the uncertainties from utilizing an external flow correlation (Churchill-Chu) to an internal flow
still exists for LOCA-COLA as well as for RELAP5-3D.
Figure 2-18 shows the He-cooled GFR system operating conditions during the LOCA transient on the
RELAP5-3D single phase heat transfer map for vertically oriented volume. The map is generated for a
He-cooled core with an LID value of 150. It is clearly observed that the hot-channel of the helium cooled
core operates under natural circulation near the boundary of the forced and free convection regimes and
crosses the transition between turbulent and laminar regimes during depressurization. Because of the
absence of reliable correlations in these transition regions, there is a large uncertainty in heat transfer
that can substantially affect the prediction of the peak cladding temperature during LOCA of a helium
cooled core.
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Figure 2-18 LOCA History of Heat Transfer Regime Change on ReD vs. RaL Plot
Also, the S-CO 2 cooled GFR has an active safety grade DHR, because of the bypass issues identified by
Pope (2006). Nevertheless, the system is designed such that, in case of a station blackout, passive natural
circulation of CO 2 can remove decay heat. The nodalization for RELAP5-3D analysis of the passive
operation of the DHR system is shown in Figure 2-19, which was redrawn from [Pope, 2006]. It should
be noted that even though the DHR system is designed to remove 200% of the decay heat, during the
RELAP5-3D analysis only 100% loop is modeled for conservatism. To evaluate complete passive
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Figure 2-19 RELAP5-3D Model of S-CO 2 DHR System [Pope, 2006]
Figure 2-20 shows one of the steady-state results (after depressurization into the guard containment) in
hot-channel for 1.15% thermal power of the core with passive operation of the DHR system on
RELAP5-3D heat transfer map. The boundary between the forced turbulent and free convection was set
when L/D=220, since the height of the active core is 1.54m and the channel diameter is 7mm (see Table
2-1). The figure shows again that during natural circulation of the DHR system, the hot channel is
operating at the boundary of all three heat transfer regimes. Thus, RELAP5-3D results for S-CO2 cooled
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In order to see how the selection of a different heat transfer map can affect the analysis, conditions of
He-cooled GFR during LOCA and S-CO 2 cooled GFR DHR passive operation were transferred from
RELAP5-3D heat transfer map to the [Williams et al., 2003] map, as illustrated in Figure 2-21. It should
be noted that since the Rayleigh number in Figure 2-21 is based on the channel average log mean
temperature difference, the axial profiles of the non-dimensional parameters are not shown.
The different heat transfer regime map in Figure 2-21 shows that He-cooled GFR operating conditions
change from forced turbulent regime to transition regime, to forced laminar regime, and finally to mixed
laminar regime while the S-CO2 cooled GFR operates in the mixed convection turbulent regime during
Natural Circulation (NC). By comparing Figure 2-21 to Figure 2-18 and Figure 2-20, it can be
concluded that passive system analysis for both GFRs using a system code, such as RELAP5-3D, is
influenced by the selection of heat transfer regime map. The discussion of selecting a heat transfer
correlation for a specific heat transfer regime is given in the next following chapters.
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Figure 2-21 GFR DHR Systems Passive Operation on Heat Transfer Map from [Williams et al., 2003]
In summary, basic system configurations of helium cooled and super critical CO 2 cooled GFRs has been
given, followed by a brief description of LOCA scenario for both reactor types. Finally, it was
demonstrated that both designs operate during LOCA, and after depressurization, in the transition or
mixed convection regimes, where heat transfer coefficient used in RELAP5-3D carries large uncertainty
due to simplification of heat transfer regime map. Therefore, it can be concluded that to reduce
uncertainties the numerical predictions using RELAP5-3D during a GFR LOCA, with passive operation
of the DHR system, a more rigorous heat transfer regime map, with better set of correlations has to be
implemented. A "Better" heat transfer correlation should (1) reflect the real physical phenomena "better"
(e.g. geometry, mixed convection etc.), (2) provide good accuracy in transition regions, (3) minimize or
eliminate the need for iterations (e.g. to evaluate RaL, wall temperature is typically required, see
Equation (2-1)) for calculating the cladding temperature) and (4) provide a smooth transition between
regions to avoid numerical convergence problems. In the following chapters, various correlations for
described numerous heat transfer regimes and uncovered physical phenomena in the traditional heat
transfer regime map that can further influence the nuclear system analysis, will be discussed with more
details.
3 Operation of GFR DHR System in DTHT Regime
The GFR DHR system has an option for removing the decay heat by natural circulation as described in
the previous chapter. However, since the GFR has significantly higher power density than the thermal
gas-cooled reactors in order to achieve good economic performance, the actual heat transfer rate from a
fuel element to coolant can be potentially smaller during the natural circulation period than the
predictions by the system analysis code. This is because when the low Reynolds number turbulent flow
during natural circulation is combined with sufficiently high heat flux, the turbulent heat transfer can be
deteriorated due to two phenomena: (1) a buoyancy effect and (2) an acceleration effect. The
deterioration of turbulent heat transfer (DTHT) in high heat flux but low mass flow rate conditions is
well summarized in recent literature [McEligot and Jackson, 2004].
In this chapter, the two effects responsible for turbulent heat transfer deterioration will be briefly
discussed by adopting the non-dimensional numbers described in [McEligot and Jackson, 2004]. A
newly developed methodology to easily determine if a coolant in a heat transfer system operates in this
regime will be presented first. This will be followed by comparisons of different fluids in terms of the
above two effects by applying the newly developed methodology. Lastly, a preliminary analysis of GFR
DHR system to evaluate which effect plays a key role in the GFR DHR system performance will be
presented. It should be noted that in this chapter both cases of helium and carbon dioxide are analyzed,
since both coolants are potentially candidates for GFR. A more thorough theory and the correlations
related to the buoyancy and the acceleration effects will be discussed in the next chapter.
3.1 Onset of DTHT Regime
3.1.1 Buoyancy Effect
The buoyancy effect originates from the density gradient due to heating, and reduces the turbulent heat
transport when the flow direction is the same as the Buoyancy force. Hall and Jackson (1969) explained
the decrease in turbulence by the shear stress re-distribution in the flow. Contrary to Hall and Jackson
(1969), according to Petukhov and Polyakov (1988) the phenomenon is governed by two terms that are
competing in the turbulent energy equation. One is the velocity gradient and the other is the turbulence
work that needs to be provided to work against a stable density gradient. The two theories are explained
in more detail in the next chapter. Nevertheless, the form of the onset of buoyancy induced DTHT
criterion is similar in both cases. In this chapter [McEligot and Jackson, 2004] will be followed, which is
an extended version of the Hall and Jackson (1969) discussion.
The buoyancy number will be normalized with the onset criterion (NBo*= Bo*/ 6 x 10-7). The buoyancy
effect can be viewed as a multiplication of a controlled group (CBo*) and a properties group (PBo*) (see
Equation (3-1)). The control group was designated "controlled", because it consists of parameter that can
be controlled by designer. The buoyancy properties group will be used to provide information on which
system pressure and operating temperature combination will lead the system to operate in the DTHT
regime.
NB._ Bo* Gr
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(3-1)
3.1.2 Acceleration Effect
The acceleration effect is also known as "laminarization due to favorable pressure gradient". The
decrease in turbulence transport occurs whenever a flow directional acceleration exceeds a certain value.
The stream-wise acceleration can be quantified by using the acceleration parameter (K, = V/Ub 2
-dUb/dx). In a heated system, the acceleration occurs from gas expansion due to heating. This effect is
different from the buoyancy effect, since the effect is not related to the gravitational force. When a flow
condition satisfies the onset of laminarization due to acceleration, the heat transfer coefficient of the
fluid quickly drops to the laminar value, even though the Reynolds number is well above the adiabatic
turbulent flow criterion. Applying the energy balance and continuity equations with perfect gas and
constant cross section assumptions to the original definition of K,, an alternative definition of the
acceleration parameter can be obtained (for the heated case) in the form of non-dimensional number K,
~ 4qba/Re [McEligot et. al., 1969].
Based on McEligot and Jackson's work (2004), normalization of the non-dimensional number that
represents the acceleration effect with the onset criterion (NK,= K,/ 3 x 10-6) is possible. This is done in
order to determine that whenever the normalized value exceeds one, the heat transfer regime is expected
to change from a normal forced convection regime to the DTHT regime due to the acceleration effect.
This definition is shown in Equation (3-2).
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Equation (3-2) also separates the normalized acceleration parameter into two groups. The first one is
designated as the controlled group (CK,), because it involves geometry, heat flux and the volumetric
flow rate. The second one will be called the fluid properties group (PK,), because it follows from the
properties at system conditions, such as system pressure and operating temperature, and it is not
controlled directly. Later in this chapter, analysis will be focused on the properties group to determine
how system pressure and operating temperature impact the heat transfer in fluids.
3.2 Simple Analysis of GFR Passive DHR System Design
Using Equations (3-1) and (3-2), one can perform a simple parametric study with the gas properties and
without exact design parameters (e. g. geometry, heat flux, flow rate etc.) to investigate the general trend
of how buoyancy and acceleration effects affect the system at various operating conditions. Since helium
and carbon dioxide are under consideration for the GFR coolant, the two gases are evaluated as
examples. Figure 3-1 and Figure 3-2 show the acceleration property group and buoyancy property group
for different pressures and temperatures, respectively, for both helium and carbon dioxide.
It is clear from the figures that as the temperature increases and pressure decreases, the property groups
increase for both helium and carbon dioxide. This indicates that the normal gas turbulent heat transfer
has stronger tendency to fall into DTHT regime when the system depressurizes and the operating
temperature increases. This situation occurs in the GFR system during a loss of coolant accident.
Therefore, both acceleration and buoyancy DTHT criteria need to be checked when designing a GFR
DHR system for a post LOCA operation. The figures also show that for the same controlled variable
group, helium is more susceptible to the DTHT regime than carbon dioxide. Thus, more attention is
needed when designing a helium-cooled system.
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Figure 3-2 Acceleration Properties Group
3.3 Behavior of Bo* and K, for Different Fluids
In this subsection, behavior of the buoyancy parameter and the acceleration parameter during
experimental runs will be discussed. Since the heat transfer coefficient is measured in a single channel,
Equations (3-1) and (3-2) can be rearranged to apply to the single channel analysis. This is because,
along the channel, the mass flow rate rather than the volumetric flow rate is constant in steady state due
to mass conservation. Equations (3-3) and (3-4) are the rearranged forms of Equations (3-1) and (3-2).
NBo'( = A4  P2 / 0 .625f CBo' -PBo'
.42s, o5 sys 2.704x 10-7c BkBW P
(3-3)
NK,= . =C.K,- PK,
m2 3x1.0-cJ
(3-4)
Figure 3-3 and Figure 3-4 plot the buoyancy property group and acceleration property group for nitrogen
at three different pressures with varying temperature. Since most gas thermal properties behave similarly
with temperature, nitrogen is chosen as an example.
First observation is that by comparing Figure 3-2 to Figure 3-3 and Figure 3-1 to Figure 3-4, the trend is
reversed. This is because the density term in the properties group moved to the numerator of the
buoyancy parameter while it is moved to the controlled group side (since m=pQ) for the acceleration
parameter. Because bulk temperature of the fluid will increase downstream due to heating, it can be
observed from the figures that both the buoyancy parameter and the acceleration parameter of the gas
flow will decrease along the downstream. Therefore, it can be concluded that the maximum buoyancy
number and acceleration number for the gas flow will be at the inlet of the channel when the control
group is a constant. The control group is a constant for the experimental facility since the test section has
a circular tube shape with the same diameter along the channel and is operated with uniform heat flux
boundary condition.
Another interesting observation is that the buoyancy property group of nitrogen increases with pressure
while the acceleration property group is pressure-independent. This indicates that by increasing the
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Figure 3-4 Nitrogen Acceleration Properties Group
As summarized in the next chapter, various existing experimental data and correlations were obtained
from water or super critical fluid. Thus, it is of interest to check how these fluids behave compared to
gases and to determine if the correlations or data with different fluids than gases will be useful for the
GFR analysis. Figure 3-5 to Figure 3-8 show the property group trends for liquid water and super critical
CO2.
From the liquid water buoyancy property group behavior (Figure 3-5), the trend is seen to be totally
different from that of a gas. The liquid water buoyancy parameter will slightly increase or remain the
same downstream the channel, since the property group increases with the fluid bulk temperature. This
is because water is essentially an incompressible fluid and the thermal properties variation due to the
temperature change at low-pressure is insignificant compared to the change for a gas. One can also
conclude from the figures that the order of magnitude for the water buoyancy property group is four
times higher than that of a low-pressure gas. Therefore, it can be predicted that water experiments can
reach buoyancy induced DTHT regime relatively more easily than in a gas experiment, if the control
group, value is the same. In addition, the channel wise behavior due to the buoyancy force will be
different.
Comparing the acceleration number properties group of water and nitrogen (Figure 3-4 and Figure 3-6),
their behavior is found to be different. The nitrogen case shows steady decrease with increasing
temperature, but water shows a parabolic behavior with the temperature. However, in contrast to the
buoyancy parameter case, since the order of magnitude of acceleration property group is the same for
water and nitrogen, the integral performance of both fluids in terms of the acceleration effect will be the
same if the control group is equal.
When the super critical carbon dioxide is compared to nitrogen, the situation is different from the
comparison of water to nitrogen. The trend is the same with temperature for both fluids, but the order of
magnitude change with temperature is different. This is because of dramatic jumps in both property
groups (for the super critical CO2 near at the critical point (Figure 3-7 and Figure 3-8)), where the
properties undergo a steep change. Therefore, it can be predicted that an experiment using a super
critical fluid will usually enter the DHTH regime, induced by either buoyancy effect or acceleration
effect, when the temperature is near the critical point.
From a comparison of the fluids, the following observations can be made:
1. The channel behavior of the buoyancy number will be very different among a liquid, a gas and a
super critical fluid.
2. For gases, both the maximum buoyancy number and the maximum acceleration number will
occur at the inlet of the heated channel. However, by pressurizing the gas, the buoyancy effect
can be made more pronounced while the acceleration effect is immune to the pressure change,
at a constant control group value.
3. For water, the maximum buoyancy number will be at the outlet of a heated channel and the
maximum acceleration number will depend on the bulk fluid temperature.
4. For super critical carbon dioxide, both the maximum buoyancy number and the maximum
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Figure 3-8 Super-Critical CO2 Acceleration Properties Group
3.4 LOCA-COLA Analysis of GFR Passive DHR System
In this section potential designs for passive GFR DHR system cooled by either helium or carbon dioxide
at gas state will be evaluated with the developed methodology explained in the previous section. The
design parameters of the passive DHR system in different designs are shown in Table 3-1 and Table 3-2
for a helium cooled core and a carbon dioxide cooled core, respectively, along with a summary of key
results, which were obtained from the in-house code LOCA-COLA [Williams et al., 2004]. Since the
GFR design is not finalized various conditions were tested. Cases 1 and 2, and Cases 4 and 5 show the
effect of different equivalent hydraulic diameters with respect to He and CO2. Cases 3 and 6 calculate
the reactor conditions for helium and CO2 at lower decay power (and thus lower backup pressure) to
account for situations at longer times into the transient. All the DHR designs were based on a naturally
circulating flow at a certain back pressure to remove decay heat after depressurized shut down. The
calculation results and the parameters were obtained from [Cochran et al., 2004a].
Figure 3-9 and Figure 3-10 show possible operating conditions for a GFR DHR system, indicated in
Table 3-1 and Table 3-2. Figure 3-9 and Figure 3-10 show the normalized buoyancy parameter and
acceleration parameter on the y-axis and the normalized Reynolds number, with 2300 as a critical
Reynolds number, on the x-axis, respectively. Curves in Figure 3-9 and Figure 3-10 show the axial
variation of NK, and NBo' in a channel for given system pressure and the hot channel diameter, with
helium and carbon dioxide as the operating fluid. The figure shows that the GFR DHR system designs,
especially the carbon dioxide cooled loop, have a potential to operate in the buoyancy induced DTHT
regime but less possibility in the acceleration DTHT regime. The helium DHR loop of this particular
system already operates in laminar flow, hence no laminarization DTHT can occur.
However, the general heat transfer coefficient and friction factor in the DTHT regime and all transitions
from normal turbulent flow to the DTHT regime are not well defined yet, even though a value and
governing non-dimensional number to determine the threshold exist. A thorough literature review will be
provided in the next chapter to show that no general agreement can be reached for reliable heat transfer
and friction factor correlations in the DTHT regime with a gas as an operating fluid. Therefore, the
experimental studies in these heat transfer regimes are necessary to develop a reliable correlation for the
design of GFR DHR system.
TABLE 3-1 CASE 1-3: HELIUM-COOLED CERCER BLOCK CORE DESIGN FOR 600MWTH GFR
DHR Design Parameter Case 1 Case 2 Case 3
Total number of coolant channels 8662 6869* 8662
Coolant channel ID 1.45 cm 1.65 cm* 1.45 cm
Core active height 1.70 m 2.00 m* 1.70 m
Bottom reflector + shield height Im Im Im
Top reflector + shield height Im Im Im
Decay power for steady state analysis 2% = 12MWth 2% = 12MWth 1% = 6MWth
Core -average outlet temperature limit 850 0C 8500 C 850 0 C
Hot channel outlet temperature limit 12000 C 12000 C 12000C
Peak SiC coating temperature limit 14000 C 14000 C 14000C
Axial peaking factor (chopped cosine) 1.25 1.25 1.25
Radial peaking factor 1.20 1.20 1.20
Operating decay heat removal loops 2x50% 2x50% 2x50%
Height of HEATRIC HX above core 11m 1im 1im
Number of HEATRIC HX channels 2 x 54281 2 x 54281 2 x 54281
Diameter of HEATRIC HX channel 5mm 5mm 5mm
Assumed constant wall temperature of HX 107 0C 1070 C 1070 C
Cross duct connector ID/ length 0.8m/3m 0.8m/3m 0.8m/3m
Distance between thermal centers, L, 13,7m 13.85m* 13.7m
Key results
Required Backup Pressure 1.65MPa 1.65MPa 1.03MPa
Loop flow rate 4.17kg/s 4.38kg/s 2.13kg/s
Flow rate through 1 hot channel 3.22E-4 kg/s 4.46E-4 kg/s 1.54E-4 kg/s
Flow rate through I average channel 4.8 1E-4 kg/s 6.38E-4 kg/s 2.46E-4 kg/s
Core pressure drop (includes reflectors) 66.9 Pa 58.6 Pa 76.4 Pa
Active core pressure drop 24.2 Pa 21.9 Pa 18.6 Pa
Average heat flux 17.9 kW/m 2  16.9 kW/m 2  8.9 kW/m2
Core inlet temperature 116 *C 117.4 *C 107 *C
Core average outlet temperature 670.3 *C 644.9 *C 650.2 *C
Hot channel outlet temperature 1110 *C 1023 0C 1144 0C
Peak cladding temperature 1192 0C 11 150C 1180*C
*Note: Bottom and top reflectors have aligned coolant channels with active core (same ID)
TABLE 3-2 CASE 4-6: C02-COOLED CERCER BLOCK CORE DESIGN FOR 600MWTH GFR
DHR Design Parameter Case 4 Case 5 Case 6
Total number of coolant channels 8662 6869* 8662
Coolant channel ID 1.45 cm 1.65 cm* 1.45 cm
Core active height 1.70 m 2.00 m* 1.70 m
Bottom reflector + shield height Im Im Im
Top reflector + shield height m Im Im
Decay power for steady state analysis 2% = 12MWth 2%= 12MWth 1% = 6MWth
Core -average outlet temperature limit 850 0C 8500 C 850 0C
Hot channel outlet temperature limit 12000 C 12000C 12000C
Peak SiC coating temperature limit 14000C 14000C 14000C
Axial peaking factor (chopped cosine) 1.25 1.25 1.25
Radial peaking factor 1.20 1.20 1.20
Operating decay heat removal loops 2x50% 2x50% 2x50%
Height of HEATRIC HX above core lim lim 1Im
Number of HEATRIC HX channels 2 x 54281 2 x 54281 2 x 54281
Diameter of HEATRIC HX channel 5mm 5mm 5mm
Assumed constant wall temperature of HX 107 0C 1070 C 107 0C
Cross duct connector ID/ length 0.8m/3m 0.8m/3m 0.8m/3m
Distance between thermal centers, Ltc 13.7m 13.85m* 13.7m
Key results
Required Backup Pressure 1.OMPa 1.OMPa O.4MPa
Loop flow rate 20.94kg/s 21.44kg/s 10.47kg/s
Flow rate through 1 hot channel 2.3 1E-3 kg/s 2.99E-3 kg/s 1.20E-3 kg/s
Flow rate through 1 average channel 2.42E-3 kg/s 3.13E-3 kg/s 1.21E-3 kg/s
Core pressure drop (includes reflectors) 237.9 Pa 223.5 Pa 227.3 Pa
Active core pressure drop 83.8 Pa 82.8 Pa 46.7 Pa
Average heat flux 17.9 kW/m2  16.9 kW/m2  8.9 kW/m2
Core inlet temperature 368.2 *C 371.8 *C 226 *C
Core average outlet temperature 847.6 *C 840.1 0 C 727 0C
Hot channel outlet temperature 962.1 0C 951.4 0 C 823 *C
Peak cladding temperature 1149 *C 1115 0C 1147 0C
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4 Heat Transfer Prediction in DTHT: A Literature Review
In this chapter, an extensive literature review will be presented with emphasis on the correlations
proposed for different heat transfer regimes in an effort to select the most relevant correlations for
comparison with the experimental data. This chapter is divided in two sections. The first section will
address the studies of forced convection gas flow and will be further divided into two sub-sections:
laminar flow and turbulent flow. The second section will be divided into three short subsections
covering (1) mixed convection laminar, (2) buoyancy force induced DTHT and (3) acceleration induced
DTHT. The literature will be presented in chronological order to show the historical development of the
correlations. It should be noted that throughout the literature with correlations that will be compared to
the experimental data later are identified in bold italic and underlined, while other literature will be
presented in bold font.
4.1 Forced Convection
4.1.1 Laminar Flow
Seigel et al., (1958)
For laminar forced convection, selecting the best correlation is rather simple compared to other regimes.
This is because Seigel et al. (1958) solved the laminar forced convection Nusselt number analytically.
Kays and Crawford (1993) simplified the solution for the case when uniform heat flux is applied, fluid
properties are regarded constant but thermal developing length is considered. The basic procedure for
obtaining the analytical solution was by employing the separation of variables and the Sturm-Liouville
theory to obtain an eigen-value solution. A simplified solution form is given in Equation (4-1). It should
be noted that y,, and A, are an approximation to the true value.
2 +
Nu I I exp(-7,XNu. .==
where Nu., = 4.364, x* = 2x/Re Pr D, ym = 4m + 4/3, Am =0.4165Yv7,,3
(4-1)
However, for an actual engineering application, m needs to be truncated at some point. Since the
maximum Reynolds number for laminar case is 2300 and the typical gas Prandtl number is 0.7, setting
x/D equal to unity will yield x+ of -0.001. The value for x/D is selected to practically maximize the
entrance effect. If the conditions are set for choosing maximum m such that the Nusselt number changes
remain below 1% after adding one more term at x' equal to 0.001, it can be found that one can start to
neglect the summation terms after m is larger than 10 (see Figure 4-1). It is noted that as the x/D value
increases the number of terms to achieve similar accuracy will be less, and vice versa. This correlation,
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Figure 4-1 Determining Truncation Term for Laminar Correlation
4.1.2 Turbulent Flow
A large number of correlations for heat transfer in forced turbulent flow exist in the literature. However,
three correlations were identified as the most promising candidates for comparison with the data. These
are briefly summarized with a historical development of each correlation.
McEligot et al. (1966) correlation
In the McEligot et al. (1966) work, low Reynolds number gas flow experimental data were used to
develop a heat transfer correlation based on the Nusselt number power law or the modified Dittus-
Boelter formulation.
NuDittus-Boelter :-0.021 Re 0 Pro.4
(4-3)
For a moderate heating case (q* of -0.001), Equation (4-4) was suggested as a better fit with the data.
TP 0 
-0.5
NuMcEfigo = 0.021IReo8 r 4 (W
YTb)
(4-4)
The correlation is valid for x/D > 30, 4,000< Re <15,000, 0< q'<0.004. The experimental data used for
developing this correlation were based on air, helium and nitrogen gas flow at inlet Reynolds number
from 1,500 to 45,000 and maximum wall to bulk temperature ratio around four.
Petukhov et al. (1973) correlation
Petukhov et al. (1973) started to develop a correlation by questioning if the power law form of a heat
transfer correlation, which is adopted by many references, is an appropriate form. In his opinion, the
problem with the power law form was that the leading constant (in case of the McEligot correlation,
0.021) and in the properties variation function can have multiple values. He also noted that the power
law formula only approximately expresses the Nusselt, Reynolds and Prandtl numbers relationship.
Therefore, Petukhov et al., developed a different correlation form:
NuPetkhov =V8 
) RePr
1.07+90 Re [ (1+10Pr) +12.7 f 8 (Pr - 1)
where 10,000 < Re : f =(1.82log 0 Re-1.64)-2 (Filonenko formula)
4,000 < Re <10,000 : f = 0.3164/Re0 .25  (Blaisus Formula)
(4-5)
The properties variation and the thermal developing length effect for the Petukhov et al. correlation are
evaluated from Equation (4-6).
NuPetukhov PM & TDL = Nuk,, kb
410.48(1 +3600/Re xIb+ o.2s exp (-0.17 x/D)
(x/D )02
(4-6)
where ('x/D) is a tabulated value given in Table 4-1.
TABLE 4-1 TABULATED VALUE OF O(X/D)
x/D 10 20 30 40 50 60 j70 80 90 j100 00
0 0.11 0.4 0.38 0.55 0.73 0.89 1.02 1.13 1.21 1.27 1.50
This correlation was tested with air, argon, carbon dioxide, nitrogen and ammonia. The range of validity
covers the Reynolds number above 7,000, q+ below 0.007 and wall to bulk temperature ratio below 4.0
and above 0.5.
Gnielinski (1976)
Although the Petukhov et al. correlation showed better agreement for a wider range of experimental data
than the power law correlations, its complicated form makes industrial applications difficult. The
Gnielinski correlation is a simplified form of the Petukhov et al. correlation with small modifications to
fit the experimental data better in the transition regime (2,300< Re <7,000). The correlation form is
given in Equation (4-7).
Re-1000)Pr -0.45 -
NuGnielinski - ( T bj + -D)
1+12.7 2 T
where f = (1.82 logo Re-1.64)2
(4-7)
However, it should be noted that the effect of the thermal developing length term in Equation (4-7) is
somewhat ambiguous in [Gnielinski, 1976], as to whether it applies to the average Nusselt number or
local Nusselt number. If x is given for an average Nusselt number then obtaining the local Nusselt
number is possible through following the procedure indicated in Equation (4-8) and the result is in
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The Gnielinski correlation is valid for Reynolds number above 2,300 and below 106, Prandtl number
above 0.6 and below 106 and wall to bulk temperature ratio between 0.667 and 2.0. However, Gnielinski
did not discuss the limitation of the correlation in terms of the non-dimensional heat flux q*. The
Gnielinski correlation was tested with water, oil, gasoline, kerosene, acetone, air, nitrogen and carbon
dioxide. All these fluids' heat transfer coefficients were successfully predicted with the correlation.
Currently, the Gnielinski correlation is recommended in most heat transfer handbooks and heat




Even though there are many more references that discuss correlations for turbulent forced convection
heat transfer, only the above three correlations were selected for further comparison with the data
obtained in the experimental facility that will be described next. This is because these three papers
summarize the forced turbulent convection correlation development history well and it was necessary to
limit the number of correlations for comparison.
In summary, a turbulent forced convection heat transfer correlation was developed first based on the
power law (e. g. McEligot et al.), the next step was to improve the correlation based on theoretical
development of the turbulent boundary layer behavior (e. g. Petukhov et al.) and finally a simplification
and an improvement for the transition regime were made to the correlation (e. g. Gnielinski). Figure 4-2
shows a comparison between these three correlations as a function of Reynolds number for fixed Pr-0.7.
It is noted that only constant properties and fully developed part of the correlation are used for the
comparison purpose. Even though the McEligot et al. and Petukhov et al. correlations do not claim to fit
the experimental data around the Reynolds number 2300, that are presented in the figure only to show
the difference between the fully turbulent heat transfer correlations and the correlation that claims to
cover the transition regime.
The figure clearly shows that due to the (Re-1000) part in the Gnielinski correlation, the Nusselt number
predicted by the Gnielinski correlation tends to bend more towards the laminar Nusselt number than the
other two correlations. This trend makes the Gnielinski correlation fit the experimental data better in the
transition regime, and have a smoother performance for the numerical analysis when the flow regime is
crossing from the laminar to turbulent flow. For fully turbulent flow, the Gnielinski correlation
approaches the McEligot et al. correlation value and stays within 5% of the Petukhov et al. correlation.
One interesting fact worthy of noting is that only few experimental data were used to verify the
correlations for the case of forced turbulent heat transfer near the transition region in pressurized gas
systems. Therefore, the data obtained in this work will also contribute to the technical literature by
extending the experimental database for testing the forced convection turbulent correlation in relatively
rare operating conditions.
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Figure 4-2 Turbulent Forced Convection Correlations Comparison
4.2 High Heat Flux Convection
When the applied heat flux is high enough to affect the flow pattern, the characteristics of the convective
heat transfer start to depart from the forced convection theory and correlation predictions. High heat flux
induces changes in the fluid density and transport properties, such as viscosity and thermal conductivity,
and affects the radial velocity and temperature profiles within the fluid. However, multiplication of the
forced convection correlation by the wall-to-bulk temperature ratio raised to an appropriate power is
typically sufficient to account for the variation of transport properties due to the heating. In contrast, the
axial change in density can cause more complicated phenomena.
The first major effect due to the axial density gradient is the buoyancy effect. The buoyancy can have
different impact on the flow with different combinations of the flow orientation and heating direction,
e.g. heated up-flow and cooled down-flow. Under the GFR condition, upward heated flow is the case
that requires attention, thus all the buoyancy effects discussed in this thesis will be assuming upward
heated flow and the literature is selected based on this orientation.
The buoyancy effect can alter the heat transfer characteristics of both the laminar and turbulent flow. In
the laminar flow, the buoyancy force results in a steeper velocity gradient than the laminar flow without
the effect of buoyancy force near the heated wall (See Figure 4-3). This results in a steeper temperature
profile near the heated wall, and the amount of heat that is convected near the wall increases. Therefore,
the laminar heat transfer is enhanced due to the buoyancy force. Typically, the situation where a strong






Figure 4-3 Comparisons between Forced Laminar Flow and Laminar Flow with High Buoyancy Effect
Velocity Profile
For turbulent flow, there are two theories for explaining the strong buoyancy effect on turbulence. One
was introduced by Hall and Jackson (1969) and the other was introduced by Petukhov and Polyakov
(1988). These two theories will be discussed in more detail in the following subsection. To summarize
the phenomenon briefly, the turbulent heat transfer deteriorates for a moderate buoyancy effect, recovers
back to the normal turbulent heat transfer for higher buoyancy forces and finally the heat transfer is
enhanced above that of the forced turbulent heat transfer for very high-buoyancy effect and
asymptotically approaches the free turbulent convection heat transfer. Figure 4-4 depicts the buoyancy
effect on turbulent heat transfer. The x-axis is the buoyancy number (Bo*), which is the measure of the
buoyancy effect and the y-axis is the ratio between the measured Nusselt number and the forced
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Figure 4-4 Buoyancy Effect on Turbulent Heat Transfer
(Recreated from [Jackson et al., 1989])
One issue that has to be discussed is the selection of an appropriate non-dimensional number to
represent the buoyancy force in the channel. When one attempts to non-dimensionalize the momentum
equation, the temperature in the buoyancy force term, where the Boussinesq approximation was applied,
is the most controversial term for selecting the reference parameter during the non-dimensionalizing
process. Only the two-dimensional steady state x-momentum equation is presented here for simplicity.
au au aU 1 ap + a2u au fi(TT)
at +UX ay pax ax2 Boussiesq Approximation
(4-10)
From the Petukhov et al. (1988) discussion (p. 20), the reference parameter for non-dimensionalizing the
temperature should be dependent on boundary conditions. Since only a prescribed heat flux boundary
condition is at interest in this thesis, the heat flux based non-dimensional group will be adopted.
Therefore, the reference parameter for non-dimensionalizing the buoyancy force term will be Equation
(4-11) and the resulting non-dimensionalized momentum equation is presented in Equation (4-12).
T 4qD
(4-11)
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The resulting governing non-dimensional number for representing the buoyancy effect in laminar flow is
therefore Grq/Re2, which is the leading coefficient of the non-dimensional temperature, T*. This non-
dimensional group will be tested with the data, and if the group fits reasonably well with the data then it
will be utilized to develop a correlation.
The other phenomenon induced by the axial density gradient, is the acceleration effect. The flow
acceleration was initially studied in the converging channels, where the mean velocity of the flow needs
to increase due to the decrease in the flow area. For strongly heated flow, where the density decrease due
to the heating is accompanied by an increase of the mean flow velocity, the fluid exhibits similar
behavior to converging channels. As the flow temperature increases, gas density is reduced. Since mass
is conserved, the density increase is accompanied by velocity rise, thus accelerating the flow along the
channel. The flow acceleration in the axial direction decreases turbulence in the flow. Therefore, the
turbulent flow can become laminar flow (some time it is called "laminarization") and the heat transfer
decreases drastically. Figure 4-5 shows the laminarization of turbulent heat transport. The x-axis is the
acceleration number (Kr), which is the measure of the axial acceleration of the flow and the y-axis is the
ratio of the measured Nusselt number to the laminar uniform-heat-flux forced-convection Nusselt
number.
The laminarization condition is given in terms of the acceleration parameter, which can be calculated
approximately by the ratio between the non-dimensional heat flux and the Reynolds number [McEligot
et al., 1969]. All the non-dimensional numbers are evaluated at the bulk temperature in Equation (4-13).
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Figure 4-6 Acceleration Effect on the Turbulent Flow
The threshold values for both effects to move the forced turbulent heat transfer to the DTHT regime are
indicated in Figure 4-4 and Figure 4-5 (Bo*th 6 x 10- and K,,1h 3 x 10-'). The threshold values are
adopted from McEligot and Jackson (2004), which summarizes the two different physical effects: (1)
Flow acceleration (2) Buoyancy effect. The regime where normal turbulent convective heat transfer is
hindered by either of these two phenomena to cause drastic reduction of the fluid's heat transfer
capability (as shown in Figure 4-4 and Figure 4-5). is called deteriorated turbulent heat transfer (DTHT)
regime. Even though the onset of this regime due to the acceleration and buoyancy effects is well
defined, the heat transfer coefficient for this regime is not agreed among the researchers, as will be
shown in the following sections.
4.2.1 Laminar Convection with Large Buoyancy Effect
Hallman (1961)
In his earlier paper [Hallman, 1955], Hallman solved the fully developed laminar velocity and
temperature profile analytically when the forced and free convection are combined. Furthermore, he
concluded that the governing non-dimensional number is the Rayleigh number defined with the axial
temperature gradient. The transformation of the axial temperature gradient as a function of heat flux is
possible by applying a heat balance, the Hallman's definition of the Rayleigh number can be represented
with the combination of the following numbers (Equation (4-14)).
a p2/gcD 4 d, p2 /gcD 4  7rDq" p/Jq"gD3 _ g3q"D pv 2  Grq
16puk dc 16 pk pUbc /D2 4pkUb kv 2  4pUbD 4Re
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(4-14)
Hallman's work in 1961 presented some experimental data taken with water and a modified heat transfer
correlation based on his theoretical development in 1955 (Equation (4-15)). The correlation is valid
between 100 RadTb/,/x 10,000.
NuHa,,n =1.40 Ra, o.28 =1.40 q
4Re)
(4-15)
Worsue-schmidt and Leppert (1965)
The Worsoe-schmidt and Leppert work is based on numerical analysis. They developed an implicit finite
difference scheme for solving the gas laminar flow in heated circular tube with large variations of gas
properties. Based on their numerical scheme the friction factor and Nusselt number correlations were
given for air as the working fluid. It is noted that they gave the heat transfer and friction factor
correlations for uniform wall heat flux and wall temperature conditions. However, only the uniform heat
flux correlation is given here.
When 0<q'<10 : NuWorsoe-schmidt & Leppert = 4.36[1 - exp(-17x ) + ax p -bX+ 4exp
When 10< q* <20: NuWorsoe-schmidt & Leppert =4.36 [1 exp (-17x+ )+cx+- exp(-dx+)]




Worsoe-schmidt later performed calculations with a finite difference scheme for helium and carbon
dioxide and proposed heat transfer correlations based on the calculation results [Worsoe-schmidt, 1966].
Air and Helium
When 3 < Gz <1000, 0 < q 20: NuWorsoeschmi =4.36 + 0.025q2 (Gz -3) (Gz -20)
When Gz < 3 : NuWorsoe-schmidt 4.36
itD
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Zeldin and Schmidt (1972)
Zeldin and Schmidt (1972) performed numerical analysis and experiments with air for Reynolds number
in the range of 300 to 500 in a tube with 40mm inner diameter. The momentum equation for the
numerical analysis included more terms than Worsoe-schmidt and Leppert (1965) did. The boundary
condition was uniform wall temperature, which is different from all the other papers introduced in this
literature review. The velocity and temperature profiles were measured by using a hot-film probe.
Nesreddine et al. (1998)
Nesreddine et al. (1998) performed a numerical analysis like Worsoe-schmidt and Leppert (1965) did,
but the main governing equations were the same as the work of Zeldin and Schmidt (1972) except for
the boundary condition; the uniform wall heat flux boundary condition was used. The main interest of
the paper was to define the effects of axial diffusion on laminar heat transfer. This led them to set criteria
to determine when the upstream boundary conditions can be applied at the entrance of the heated section
and when the elliptical formulation is necessary to describe the flow field accurately. Worsoe-schmidt
and Leppert's work (1965) can be checked with this result to find out if there is a problem for the
Worsoe-schmidt and Leppert result (1965) due to neglecting some terms in the momentum equation.
Churchill (1988)
Churchill presented a correlation for laminar mixed convection by combining a free convection
correlation with a forced convection correlation for uniform heat flux. The correlation was tested with
Hallman's experimental data and some numerical analysis.
Nu6  =Nu 6 +Nu 6
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It is difficult to find in the vast amount of references different correlations from the three correlations
presented above. Hallman's correlation (Equation (4-15)) is based on an analytical solution and backed
up with experimental data, and Worsoe-schmidt correlations (Equations (4-17) and (4-18)) are based on
numerical results. Even for laminar convection with a significant buoyancy effect, which is relatively
simpler than turbulent flow, the governing non-dimensional numbers are different among the various
literature sources (Hallman used Gr1/4Re and Worsoe-schmidt used x+ and q*). This means that there is
no universal governing non-dimensional number that can be utilized to investigate the phenomenon.
Thus, a different non-dimensional number can be proposed for the gas heat transfer experiments, since it
is hard to find a correlation based on the gas laminar heat transfer experiment with high buoyancy effect.
4.2.2 Buoyancy Induced DTHT (Mixed Convection)
This section is further divided into two subsections. The first section will describe the theoretical
development on mixed convection in turbulent flow and the second section will briefly summarize the
experimental correlations that were identified for different working fluids in the open literature.
4.2.2.1 Theories of Turbulent Mixed Convection
As mentioned in earlier section, there are two thorough theoretical developments for turbulent mixed
convection. One theory is developed by Jackson and Hall (1969) and the other theory is developed by
Petukhov and Polyakov (1988). However, the focus here is more on the results and conclusions from the
theory rather than the mathematical detail. Figure 4-7 illustrates the two concepts of these theories.
Buoyancy Force has two effects:
(1) External (2) Structural
Larninarized Low Density
Turbulent Flow
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Figure 4-7 Conceptual Diagrams of Two Theories on the Turbulent Mixed Convection
Jackson and Hall first developed their theory to explain the heat transfer deterioration observed in super-
critical fluid turbulent heat transfer. Their theory is based on the fact that turbulence is mostly generated
and diffused by the shear stress near the boundary between the wall region and the core region. Since the
buoyancy force accelerates the flow near the wall relatively more than the core due to the higher
temperature near the wall, the average velocity difference between the wall and the core is reduced.
Therefore, the shear stress on the fluid element near the boundary between the wall and the core is
reduced since the shear stress is proportional to the average velocity difference between two regions. As
a result, the flow starts to stabilize due to a reduction in the shear stress, which causes a decrease in the
turbulence generation, and thus decrease in turbulent heat transport. However, after the body force
reaches a certain point, it will start to induce shear stress in the opposite direction at the boundary, since
the average velocity of the wall is larger than the core due to large buoyancy force. Therefore, after a
certain point the buoyancy effect will start to destabilize the flow and generates turbulence and enhances
the turbulent heat transfer. More details can be found in [Hall and Jackson, 1969]. The resulting
governing non-dimensional number that was developed within Jackson and Hall theoretical framework
is the buoyancy parameter Bo*.
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On the other hand, Petukhov and Polyakov adopted concepts for the turbulence interaction with the
buoyancy force, which were initially developed in the meteorology area [Monin and Yaglom, 1979].
Petukhov and Polyakov explain that the heating in upward flow can cause two effects. One is the
external effect and the other is the structural effect. The external effect is defined as the mean velocity
field change due to the buoyancy force and the structural effect is defined as an additional work needed
for the turbulence to overcome the stable density gradient for upward heated flow. For the intermediate
heating power, the structural effect is much stronger than the external effect, which leads to a decrease in
the turbulent intensity due to the additional energy loss of the turbulence to work against the stable
density distribution. As heating power increases further, the external effect starts to induce a steeper
velocity gradient and, as a result, more turbulence is generated near the wall. The governing non-




As a summary, even though the two theoretical frameworks have different explanations for the mixed
convection effect on turbulent flow, the resulting non-dimensional number (defined in Equations (4-20)
and (4-21)) are not that far apart (only slight difference in the exponents of Reynolds and Prandtl
number). From here on, the buoyancy parameter we adopt is the Hall and Jackson's parameter, since
more literature adopted Hall and Jackson's parameter to correlate the data to develop correlations, which
will be shown in the following subsection.
4.2.2.2 Experimental Correlations and Flow Structure Studies
Petukhov and Strigin (1968)
Petukhov and Strigin developed a correlation based on a water experiment. Their selected non-
dimensional number to capture the buoyancy effect was Radrs/dx. The experimental data was taken at
Reynolds numbers from 300 to 30,000, axial temperature gradient Rayleigh numbers from 300 to 8 x
105, Prandtl numbers from 2 to 6 and x/D below 99. Equation (4-22) gives the correlation. Radrb/dx is
transformed in terms of a heat flux based Grashof number and Reynolds number, according to Equation
(4-14). All forced convection Nusselt numbers in this section (NuF) will be calculated from the
Gnielinski correlation, even though the original correlations for mixed convection were developed from
different forced convection correlations. This is possible since most of the general forced convection
correlations overlie each other within a few percent (e. g. Figure 4-2). However, since this correlation is
developed from a forced convection correlation for constant properties without any developing length,
Equation (4-23) will be used instead of Equation (4-7).
When Ra d,/&/Re2 =Gr,/4Re3<0-4:
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(4-23)
Herbert and Sterns (1972)
Herbert and Stems obtained data with water in a range of Reynolds numbers from 5,800 to 65,000, wall-
to-bulk temperature difference based Grashof numbers (GrAT) from 1.9 x 107 to 2.6 x 107, Prandtl
numbers from 1.79 to 2.22 and x/D below 80. Equation (4-24) shows the correlation.
When Re>Reac = 3 0 0 0 +0.000 2 7 GrAT Pr: NuHerbert-Stems =0.0225 Re- 795 Pr 0 .495 -0.02251n(Pr)
When Re< Reac : NuHerbert-Stems =8.5 x 102 (GrA Pr)"3
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Steiner (1971)
Steiner (1971) measured the time-average velocity and temperature profiles with a hot-wire for
Reynolds numbers between 5,000 and 15,000 in a 80mm inner diameter tube using air as the working
fluid. He showed that the buoyancy force induced flow acceleration, which plays a significant role in the
reverse transition from turbulent flow to laminar-like flow by the change in velocity and temperature
profiles. However, his study tried to interpret the buoyancy force effect with the flow acceleration,
which can be confusing to the readers when it is compared to the later part of the related articles. Since
the test section he used for the experiment is relatively large compared to a typical heated flow
acceleration experiment and knowing the fact that the buoyancy effect is more pronounced than the
acceleration effect when the test section diameter is large, Steiner's study is more related to the buoyancy
induced DTHT regime rather than the acceleration induced DTHT regime. More details on the test
section geometry effect for determining which physical mechanism is responsible for the DTHT regime
will be discussed in the later part of the thesis.
Carr et al. (1973)
Carr et al. (1973) measured the velocity and temperature profiles of air by using a hot-wire in the
Reynolds number range from 5,000 to 14,000 in a 88mm inner diameter test section. But they obtained
additional data for the fluctuating velocity and temperature profiles at various radial positions, which
showed that the viscous sublayer increases at higher heat fluxes. The friction factor and heat transfer rate
change because the viscous sublayer thickens.
Polyakov and Shindin (1988)
Polyakov and Shindin (1988) presented their air data for the turbulent transport quantities and heat
transfer at Reynolds numbers of 5,000 and 9,000 in a 46mm inner diameter test section. Their work
showed that the turbulent heat transport is more suppressed than the momentum transfer, which in turn
leads to significant reduction in heat transfer rate while there is relatively small change in friction.
Petukhov and Polvakov (1988)
From the theoretical development, which was presented in the previous section, a semi-empirical
correlation (Equation (4-25)) was developed. The validity range of the correlation is for Reynolds
number above 3,000, heat flux based Grashof number below 10" and x/D above 40. The correlation was
tested against experimental data from other literature sources. However, some questions still remain,
since the experimental data chosen to validate the correlation were not tabulated in the original reference.
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Jackson et aL (1989)
A review paper on mixed convection in vertical tubes written by Jackson et al. in 1989 summarizes the
large body of research work performed in the area until then. Equation (4-26) gives the correlation that
was suggested in their review.
=Nu _j _ 8x104Bo*)2
NuF (NuAgw,/NuF2
(4-26)
The limitation of the correlation is not explicitly described in the paper. However, experimental data
with water, air, mercury and super critical carbon dioxide are presented and the range of the buoyancy
parameter (Bo*) spans from 10-7 to 10-2. It should be noted that the correlation is discontinuous near
Bo*~ 3 x 10~ and the correlation form is implicit.
Parlatan (1989)
Parlatan developed a correlation based on his experimental data (1989). The experiments were
performed with water in the Reynolds range of 4,000-9,000 and buoyancy number of Bo* < 1.25 x 10-5.
When Bo* <1.875x10-6 : 1+ 6.104xO 3 Bo* -2.1768 x1 6 Bo 2
NuF
When 1.875x10-6 < Bo* <1.25x10 5 : NuP"la" = 1+1.768 x10 4 Bo* -1.608 x104 Bo*2
NuF
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Cotton and Jackson (1990)
Cotton and Jackson (1990) performed numerical analysis with Launder and Sharma k-e model [Launder
and Sharma, 1974], which is designed for low Reynolds number. They compared their result with the
data of Steiner (1971), Carr et al. (1973) and others, in order to verify the model. The model seems to
perform reasonably well for predicting the experimental data.
Vilemas et aL (1992)
Vilemas et al. (1992) performed experiments with air in mixed convection regime and developed a
correlation based on their data. The experimental data range covers the inlet Reynolds number from
3,000 to 50,000, inlet q* from 0.00035 to 0.0024 and a new buoyancy parameter defined in Equation
(4-28) from 8 X 10-6 to 3.37 X 10-3 (inlet values).
K = Gr/4 Re3 Pr
(4-28)
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It should be noted that this correlation has a gap in the area of Krn2 < K,, < K,,3 due to the high sensitivity
of the flow for a small change in buoyancy parameter. Therefore, when the Nusselt number in this region
is evaluated to compare to the data, K,; < K, < Kin2 region Nusselt number will be taken as an
approximate value for K,,2 < K,, < KW3 region.
Polkas et al. (1993)
Poikas et al. (1993) measured the time-average and fluctuating velocity and temperature profiles for the
Reynolds number 11,400 with air. They reached similar conclusions to Caff et al. (1973) and Polyakov
and Shindin (1988), confirming that suppressed generation of turbulence near the wall causes the heat
transfer rate deterioration.
Shehata and McEligot (1995 and 1998)
Shehata (1984) and Shehata and McEligot (1998 and 1995) measured the time-average velocity and
temperature profiles but at lower Reynolds numbers of 4,000 and 6,000 with air at higher heating rates
than in the previously mentioned papers. Thus, the velocity and temperature profiles were more distorted
by the increased influence of buoyancy or natural convection effects.
Celeta et aL (1998) and Aicher and Martin (1996)
Celeta et al. correlation (1998) combined Aicher and Martin's work (1996) with Jackson and Hall's work.
When Aicher and Martin were developing their correlation, they introduced a rather new idea, which
was not mentioned in the previous work. They correlated the upward heated flow Nusselt number with
the downward heated flow Nusselt number to get a smooth functional form. This idea was later adopted
by Celeta et al. (1998) who modified Aicher and Martin's correlation form to fit their data better and
included the x/D effect, which was mentioned in Aicher and Martin's work but not included in their
correlation. Aicher and Martin's correlation is not shown here, since Celeta et al.s' correlation
encompasses that work as they collected a larger amount of data than Aicher and Martin originally did.
After Celeta et al. obtained the functional form by modifying Aicher and Martin's idea; they utilized the
buoyancy parameter (Bo*, developed by Jackson and Hall) as their governing non-dimensional number.
Equation (4-30) is the correlation form.
It should be noted that Celeta et al. originally developed the correlation by using the Dittus-Boelter
correlation with the water properties variation correction factor as a forced convection Nusselt number.
Therefore, within this study, the Gnielinski correlation is used with the gas properties variation
correction factor as the forced convection Nusselt number when evaluating the Celeta et al. Nusselt
number. The limitation of the correlation is not explicitly described in Celeta et al. work. However, the
experimental data covers the Reynolds number from 800 to 23,000, the buoyancy parameter Bo*< 0.156
and x/D < 60.
Ix 8x10 4Bo'Nuceia = Nu>+Nu2, 1- 0.36+0.0065-x exp -0.81n 
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Satake et al. (2000), Mikielewicz et al. (2002), Xu et al. (2004) and Spall et al. (2004)
Satake et al. (2000), Mikielewicz et al. (2002), Xu et al. (2004) and Spall et al. (2004) compared their
calculations to the experimental data of Shehata et al. (1998). Satake et al. (2000) used Direct Numerical
Simulation (DNS), which is similar to the work of You et al. (2003). Mikielewicz et al. (2002) compared
various turbulence models that fall into a modified version of k-e model and k-'t model for low
Reynolds number. Xu et al. (2004) obtained their results using the large eddy simulation (LES)
technique, which is another newly developed method like DNS. Finally, Spall et al. (2004) compared k-
Co and v2-f low Reynolds turbulence models. DNS and LES showed reasonable agreement with the
experimental data of Shehata and McEligot (1998). Mikielewicz et al. (2002) concluded that the
Launder-Sharma (L-S) turbulence model is the best fitting model and Spall et al. (2004) concluded that
the v2-f low Reynolds turbulence model performs better than the k-o and Launder-Sharma models.
You et al. (2003)
You et al. (2003) utilized DNS, which is a relatively new method for engineering analysis, and compared
it to other turbulence models. Their calculation results were compared to the data of Carr et al. (1973),
Polyakov and Shindin (1988) and Parlatan et al. (1989) for aiding flow experiment along with other
papers that include opposing flow experimental data. DNS results showed reasonable agreement with
the data, but since DNS requires tremendous amount of computational power, the case study is limited
in comparison with other turbulence models.
Symolon et aL (2005)
Symolon et al. correlation is also based on the water experiment. The range of the data cover the
Reynolds numbers from 2,600 to 70,000, x/D up to 90 and a new buoyancy number (Bo) below 103 .
Since, the correlation was developed from the Dittus-Boelter correlation without the thermal properties




\2.174 12.174 \5 15NuF 5.9x10- 41 5.9x10 + (76.08Boo426 )5
Bo Bo
(4-32)
As a brief summary of this section, eight correlations were selected from the literature and will be tested
against the data to see which correlation performs the best in predicting the gas heat transfer. An
interesting fact is that except for the Vilemas et al. and Jackson et al. correlations (Villemas et al. used
air and Jackson et al. showed some air data along with the supercritical fluid and water data), most of the
correlations in the turbulent mixed convection regime are based on liquid experiments. Another fact is
that the buoyancy parameter developed by Jackson and Hall is the most frequently used parameter for
explaining the turbulent mixed convection phenomenon (e .g. Jackson et al., Parlatan and Celeta et al.).
However, each correlation form presented in this section is different from each other and most of the
time even the governing non-dimensional parameter is different. This leads us to a conclusion that even
though the turbulent mixed convection was studied extensively, the investigators have not reached final
agreement on a correlation form or a governing non-dimensional number. This is more critical problem
for the gas heat transfer cases, since turbulent heat convection experimental data for pressurized gas can
be rarely found.
The literature search has shown that it is hard to find experimental heat transfer data for a pressurized
gas flow for any regime, i.e. forced, mixed and free convection. Therefore, the data collected in our
work will also expand the database in regions with sparse data and hopefully will serve to further
enhance the understanding of the forced convection and mixed convection turbulent flow behavior, and
applicability of the correlations for the pressurized gas systems.
4.2.3 Acceleration Induced DTHT
Even though the "laminarization" process due to the acceleration effect has been known for a half
century, a heat transfer correlation that has explicit acceleration effect and can successfully predict the
Nusselt number in this regime is not easily found. This is because recent literature sources focus more
on the threshold value for the acceleration driven laminarization process, rather than on the development
of heat transfer correlations. Due to this reason, this section will add a few more heat transfer
correlations that have the potential to be related to the DTHT regime in general and present studies that
were relevant for setting the threshold for the acceleration driven DTHT. This means that any heat
transfer correlation that was developed with a gas experiment, with high heat loads and relatively low
Reynolds number, is going to be covered in this short section.
McEligot (1963)
The experimental data were collected in the Reynolds number from 1,500 to 200,000 and q' up to 0.006.
For the low Reynolds number runs this is equivalent to Kr~10-6, which is near the threshold value for the
acceleration induced DTHT. In his report, a preliminary correlation was developed for such cases.
NuMcEligot ='0.021Re;.2 Re2 Pr*
(4-33)
This correlation is valid for the Reynolds number between 1,500 and 8,000, q* from 0.004 to 0.006 and
x/D from 15 to 49. Transforming the validation range in terms of the acceleration effect by using the
definition of acceleration parameter, the range of K, is from 5 X 10- to 4 X 10-6. For the Reynolds
number higher than 15,000 and q+ lower than 0.004, the Nusselt number can be successfully predicted
with Equation (4-4). The data were obtained with air, helium and nitrogen.
Perkins and Worsoe-schmidt (1965)
Experimental data were obtained with nitrogen at a maximum wall to bulk temperature ratio of 7.5 and
minimum exit Reynolds number of 4300. This indicates that the heat load was exceptionally high, even
though they did not indicate q' value. Thus, it is reasonable to think that their data might have entered
the acceleration driven DTHT regime. The correlation that was developed with the data is given in
Equation (4-34). This correlation is valid for inlet Reynolds numbers from 4,300 to 359,000 and x/D
below 144.
When x/D < 40: Nu,,,ri,_,W,,s,_,scmi, = 0.024 Re*- Pr T ( /IT 1+(x/D) 0. (TT)0.7
When x/D > 40: NuPerkinsWorsoe schmidt = 0.024 Re"- Pr. 4 ( )0-
(4-34)
Taylor (1965)
Taylor's work should also be mentioned, since the maximum wall to bulk temperature ratio that he had
achieved is around eight and the Reynolds number range was from 5,700 to 48,400. He used pre-cooled
hydrogen and helium as working fluids. The correlation developed from the experimental data is given
in Equation (4-35). The validity of the correlation holds for x/D below 250.




Bankston (1970) performed an experiment in a tube with the entrance Reynolds numbers from 2,350 to
12,500 and obtained friction factor and local heat transfer coefficient data for hydrogen and helium. This
paper is focused on the laminarization criterion where turbulent flow changes to laminar-like flow. The
condition is given in terms of the acceleration parameter, which can be calculated approximately by the
ratio between a non-dimensional heat flux and the Reynolds number presented in Equation (4-13)
[McEligot et al., 1969].
Tanaka et al. (1987)
Tanaka et al. (1987) implemented low Reynolds k-e model, which is a modified version of Jones and
Launder model by Kawamura, and generated a flow regime map via their numerical calculations. They
interpreted the acceleration parameter in a unique way (Equation (4-36)). They also performed an
experiment with nitrogen to prove their calculation results, and the experiment range covered Reynolds
numbers between 2,900 and 5,000.
K=v dUb aK=- U~GA
Ub' dz 2Re3
(4-36)
Kaupas et al. (1989)
Kaupas et al. (1989) focused on the development of the transitional Reynolds number, which changes
with increasing heat flux, and the heat transfer correlation in transitional flow. The correlation seems to
fit well the experimental data, but the correlation itself is based on inlet fluid properties rather than local
properties. They claim that their correlations for transitional Reynolds number are from the laminar to
turbulent flow rather than turbulent to laminarized flow.
4.3 Summary of Literature Review
As a summary of this chapter the following observations are made:
1. The laminar mixed convection regime has more numerical analysis results than experiment
data. The only experiment that was reported in the literature was Hallman's (1961) work.
Equation (4-19), which was developed by Churchill (1998), can be used for the heat transfer
coefficient correlation. However, the correlation should be tested with laminar gas mixed
convection experimental data for validation.
2. A vast amount of work has been done on the heat transfer coefficient correlation in buoyancy
driven DTHT regime compared to the acceleration driven DTHT regime. More heat transfer
coefficient correlations were developed based on liquid and super critical fluid experiments
compared to gas experiments. The gas experiments mostly concentrated on the flow structure
rather than on correlation development. Most of the correlations presented in this chapter will
be compared to the experimental data in the later chapter.
Table 4-2 summarizes and categorizes literatures reviewed in this section.
TABLE 4-2 SUMMARY OF REVIEWED LITERATURES
Gas Liquid Supercritical






Bankston (1970) Petukhov and Strizin (1968)
Steiner (1971) Herbert and Sterns (1972)
Experiment Carr et al. (1973) Petukhov and Polvakov
DTHT** Tanaka et al. (1987) (1988) Jackson et aL
Kaupas et al. (1989) Parlatan (1989)) (1989)
Polyakov and Shindin (1988) Aicher and Martin (1996)
Petukhov and Polvakov (1988) Celeta et aL (1998)
Jackson et aL (1989) Symolon et aL (2005)
Vilemas et aL (1992)
Poskas et al. (1993)
Shehata and McEligot (1995 and
PtkadSr1998)igin_(1968_
Worsoe-schmidt and LeSpert
MCL (1965) Churchl (1988)Zeldin and Schmidt (1972)
tNesreddine et at. (1998)
Numerical Tanaka et at. (19 87)
Analysis Cotton and Jackson (1990)
Satake et at. (2000)
DTHT Mikielewicz et at. (2002)
You et aC. (2003)
Xu et al. (2004)
Spall et al. (2004)
*Mixed Convection Laminar = MCL
**Deteriorated Turbulent Heat Transfer = DTHT
5 The Experimental Facility
In order to investigate the DTHT regime through experiment, an experimental facility was designed and
constructed to obtain data. This chapter will briefly describe the design philosophy of the experimental
facility and illustrate the sub-systems that consist the facility in detail. These will be followed by
explanation of instrument calibration and control software along with the experiment procedure. The
photographs of the facility and the detail information of the software are provided in the Apendix.
5.1 Design of the Experimental Loop
Since the objective of the experiment is to cover the buoyancy and acceleration driven DTHT along with
the mixed convection laminar heat transfer within the GFR DHR potential operating range, a scaling
analysis for the design of the facility is necessary to appropriately reflect any important features. A great
effort was made to minimize disparities between the prototype (GFR DHR System) and the model
(Experimental Facility). As a result, the prototype and the model have similar geometries and operating
pressures. However, there is one large disparity between the prototype and the model -- the temperature.
In the analysis of the conceptual GFR, the bulk temperature of the fluid was found to reach 1000 *C in
some cases and the temperature of the wall may approach 1200 *C. The proposed model bulk fluid
temperatures is limited to ~450 *C due to the temperature limit of the probe and the wall temperatures is
limited to ~650 *C due to the properties of the stainless steel 316.
Due to the disparity in the temperature, and since all dimensionless parameters deemed important for
this study, Re, Bo* and K, either depend explicitly upon temperature or upon temperature dependent
fluid properties, it will be necessary to use a variety of factors to achieve prototypic conditions. For
instance a blower and a regulating valve will be incorporated into the loop to increase or decrease the
Reynolds number as needed. While the remaining parameters, Bo* and K, will be manipulated by choice
of coolants (He, N2, and C0 2), pressures (0.1-1.0 MPa), and test section diameters (16 and 32mm).
In orders to avoid inconsistencies between the prototype and the model, the experimental loop
simulations with LOCA-COLA were for natural circulation. Eight simulations were with nitrogen, six
simulations with helium, and eight simulations with carbon dioxide as the test fluid with the variables
being the test section diameter and system pressure. For each trial the heat flux was adjusted to reach
either the maximum fluid bulk temperature of -450 *C or the maximum wall temperature of -650 *C.
Also for every trial the heat exchanger had a constant wall temperature of 27*C. Figure 5-1 shows the




















Figure 5-1 Schematic Diagram of the Model
(Recreated From [Cochran et al., 2004a])
The experimental setup for nitrogen is very similar to that of helium, namely the same input parameters
and constraints were considered. However, since the area of overlap between the relevant dimensionless
parameters, Re, Bo* and K, of the two coolants occurs at higher helium pressures and lower nitrogen
pressures, the system pressure for the nitrogen coolant was extended down to 0.1 MPa for both the 16
and 32 mm test sections to create a larger overlap. As a result comparing heat transfer correlations
developed from the two coolants for a larger flow regime area is possible. It should be noted that the
scaling analysis, which is presented in this section is a summary of more through analysis that was
performed in Cochran et al.s work (2004a).
The carbon dioxide trials, like the nitrogen trials, utilized a lower system pressure, 0.1 MPa, to achieve a
larger area of overlap between the coolants. However, in this case lowering the pressure turns out to be
even more effective as comparing heat transfer correlations developed from three different coolants for
the same flow regimes is allowed.
According to the previous chapter, buoyancy-influenced DTHT in round tubes occurs when Bo* ~ 6 x
10-7 or higher. This is important as the prototype Bo* number range of 2 x 10-7 to 3 x 105 includes this
value for the onset of buoyancy-influenced turbulent convection. Figure 5-2 shows the buoyancy
parameter versus Reynolds number for all gases in the modeled loop along with the estimated range for
prototype presented in the Chapter 3.
* GFR DHR System (Prototype)
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Figure 5-2 Range of Buoyancy Parameters in the Proposed Experimental Loop Predicted by LOCA-
COLA
Nitrogen and carbon dioxide can operate in the buoyancy induced DTHT and can successfully
encompass the prototype operation range, as shown in the figure. However, looking at Figure 5-2, it is
observed that the buoyancy induced DTHT is irrelevant in the helium calculations as the flow is laminar
for every case. This is due to the larger density of nitrogen and carbon dioxide compared to helium.
Therefore, a larger buoyancy effect in nitrogen and carbon dioxide runs are expected to be observed.
As stated in the previous chapter, the acceleration parameter is important in determining if
laninarization is likely to occur in turbulent flow. Per McEligot and Jackson (2004), laminarization is
prominent at K, 3 x 10-. Since the prototype has a K, range of 3 x 10 7 to 3 x 10- the flow will have
regimes where laminarization is prominent. From Figure 5-3 the model loop utilizing a nitrogen coolant
is able to extend the K, range covered by helium down to approximately 5 x 10 7 . As a result, the range
of the acceleration numbers for the model loop from both the helium and nitrogen coolant completely
encompass the transition region from where laminarization is prominent, 5 x 10-7 to 4 x 10-.
Furthermore, the low range K, value of 5 x 10- for the model loop with nitrogen is close to matching the
low range K, value for the prototype loop of 5 x 104. However, as mentioned previously, the process of
laminarization is only important when the flow is turbulent, i.e., the Reynolds number is greater than
-2300. Therefore, in order to see laminarization of turbulent flow with nitrogen a blower is employed to
increase the Reynolds number. However, as can be seen from Figure 5-3, the process of laminarization is
not relevant as the flow is laminar in every case for all helium calculations.
* GFR DHR System (Prototype)
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Figure 5-3 Range of Acceleration Parameters Predicted for Experimental Loop
Having already encompassed the important ranges for laminarization, the carbon dioxide trials allow us
to more closely match the entire range of K, generated by the prototype loop. Looking at Figure 5-3 the
model loop utilizing carbon dioxide is able to extend the K, range down to approximately 2.5 x 10-,
which completely encompasses the K, range of the prototype loop. Once again a blower may be
employed to generate turbulent flows in order to see the onset of laminarization.
In summary, the simulation of three fluids - helium, nitrogen, and carbon dioxide - use of two test
section diameters, 16 and 32 mm, and varying system pressures, within 0.1 MPa to 1.0 MPa, the
relevant dimensionless parameters, Re, Bo* and K,, in the model can be made to equal the values of the
prototype.
5.2 Description of Experimental Facility
Figure 5-4is a simplified diagram with the main dimensions of the experimental facility. The facility can
be viewed as three different systems, which is indicated by the boxes in Figure 5-4 The first system is
the main loop, where most of the measurements are made. The main loop can be further divided into
three sections - the test section, the chimney section and the downcomer section. The second system
involves the compressor compartment located at the bottom part of Figure 5-4. This system is necessary
to operate the facility at a high flow rate and to accelerate the initiation of a natural circulation flow. The
last system is the gas charging and the vacuum system, shown on the top right side of Figure 5-4. The
vacuum system is needed to pump out the air from the main loop before the test gases (such as pure
nitrogen, carbon dioxide and helium) are charged into the main loop through the gas charging system.
Each system and sub-system will be described in more detail in the following sections.
5.2.1 Main Loop
Test section and Chimney section
With the exception of the test section the main loop is constructed of 1 inch Type 316 stainless steel tube.
The test section and flow development region, ahead of the test section, are made with % inch Type 316
tubing. The test section wall thickness is 0.065 inches and the inner diameter of the test section is 0.62
inches (15.7mm). The linch stainless steel tube has wall thickness of 0.049 inches and inner diameter of
0.902 inches (22.9mm). Connection of the test section and flow development section to the larger tubing
of the loop is through a custom made tapered reducer section at the entrance to the flow development
section and a simple reducing union at the exit of the test section. The custom tapered reducer is
intended to minimize the flow disturbance at the entrance to the flow development section. Both
reducing section change the tube sizing from 1 inch to 3/4 inch. All the tube connections are done with
compression type stainless steel fittings purchased from SWAGELOK. Height of the test section is 1.976


















Power taps at the top and bottom of the test section connect a DC power supply providing up to 1500
Ampere, at 10 Volts to the test section. This power supply provides for either voltage or current control
of the power applied to the loop. Remote control of the power supply by the test control software is
provided by a DA converter installed in a HP 3852A Data Acquisition unit.
Pressure taps for measuring differential pressure across the test section are welded to the tubing adjacent
to the power taps. As can be seen from the diagram (Figure 5-4) the tap at the entrance to the test section
is also used for measuring system pressure. Differential pressure taps are also installed on the
downcomer section. All pressure taps are connected to solenoid valves for selecting measurements from
either the test section or the downcomer section. Teflon tubing is used to connect pressure tap output to a
differential pressure transducer. This transducer is a MKS Type 120A high accuracy pressure transducer.
The range of this pressure transducer can be selected from 1 mmHg to 25,000 mmHg (133.3 Pa - 3.33
MPa) with resolution of 10-6 of the full-scale range. Accuracy is ±0.12% of reading. The unit has its own
readout equipment.
Teflon tubing is used for providing electrical isolation of the differential pressure transducer. Solenoid
valves are controlled with relays in the same HP3852. Output of the system pressure transducer is
monitored by a National Instrument Data Acquisition (NI-DAQ) system.
Two flow thermocouples are installed adjacent to the flow development and test sections. The first is
5.188 inches below the heated (test) section with the other installed 4.750 inches above the outlet of the
heated section. This layout was necessary since the test section is heated using a direct Joule heating
method, and installing flow thermocouples in the test section would create non-uniform heating in the
vicinity of the thermocouple. Moreover, it was impractical to install them near the power taps. The flow
thermocouples are connected to the NI-DAQ.
As originally designed, temperatures of the loop were to be measured by Type K thermocouples spot
welded directly to the tubing. However, initial testing showed significant errors in temperature readings
during operation of the DC power supply. Analysis of the readings determined the cause of this problem
to be electrical noise from the power supply. The problem was resolved by installing ungrounded
sheathed thermocouples on the test section. Ungrounded thermocouples provide isolation from the
electrical noise. Sheathed thermocouples required a different method of attachment to the test section.
Each thermocouple was brazed to a small piece of shim stock which was then spot welded to the test
section tubing. These sheathed thermocouples are used to monitor loop temperatures while DC heating
current is applied to the loop. Due to concerns about slight errors with the sheathed thermocouples,
temperatures used for determining the heat transfer parameters are measured, as originally designed,
with thermocouples spot welded directly to the tubing. Readings are taken during brief (less then 2
second) interruptions of DC heating current. Sheathed thermocouples are connected to the NI-DAQ and
the welded thermocouples are connected to the HP3852. Twenty welded thermocouples and four
sheathed thermocouples are installed in the test section and nine welded thermocouples and three
sheathed thermocouples are installed in the chimney section (Figure 5-5). All thermocouples are K-type
and manufactured from OMEGA.
Figure 5-5 Instrumentations and Components in Test section & Chimney section
To prove that the test section wall temperature does not drop appreciably during heating current
interruptions, a simple idealized problem was solved. Equation (5-1) is the solution to a lumped
parameter model of the tube wall, selected to illustrate the temperature response of the wall with time,
T (t)- T , h'( - t A , t= exp ~- h4 t
(5-1)
Using Equation (5-1), the time required for a test section temperature to drop 1 Kelvin from the steady
state temperature, given the heat transfer coefficient of a gas to be about 100W/m 2-K, and the
temperature difference between the bulk gas and test section wall, at steady state, to be 200 Kelvin
(conservatively high values for this facility), can be calculated to be 227 seconds. Therefore, even
though the problem setup is simplified, it confirms that wall temperature changes during the short 2-
second power-off period are negligible. This is mainly because the stainless steel test section total heat
capacity is much higher than the gas heat transfer capability. This was further confirmed during the
experimental runs, where no visible temperature drops could be observed during the off-power period
when the data acquisition system was collecting the data.
Figure 5-6 shows the test section cross-section with the thermocouples installed. The insulation material
is mineral wool. To measure the thermal conductance of the insulation and the heat losses during the
experiment multiple insulation thermocouples are installed on top of the insulation. On the chimney
section, thermocouples are installed on the insulation at nine axially different positions and three
azimuthally different positions, but at some places only one azimuthal thermocouple is installed.
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Figure 5-6 Test Section Cross Section
Three insulation thermocouples were installed azimuthally at corresponding test section axial
thermocouples locations facing the wall thermocouples. Since, there were twenty test section
thermocouples axially, a total of sixty insulation thermocouples were installed at the surface of the test
section primary insulation. A greater number of thermocouples is required on the insulation material
(glass wool) due to poor heat conduction of the insulation. As a result, greater azimuthal temperature
variations are possible within the insulation than on the stainless steel test section.
A thin stainless steel foil, shown in Figure 5-6, is wrapped around the outer surface of the primary
insulation to conduct heat from guard heater coils more uniformly into the outer surface of the primary
insulation material. The foil is wrapped along the entire height of both the test section and the chimney
section. This is a necessary measure to provide uniform heating to the largest extent possible, since the
insulation is a weak conductor and the guard heater is a tape that coils around the test section creating
hot and cold spots (non-uniform heating).
Two thermocouples have been attached to the power taps inside the primary insulation. These power
taps are made from a solid copper block on the inlet to the test section and a stainless steel block on the
test section outlet. Each tap is affixed directly to the test section resulting in a significant test section
heat loss due via heat conduction into the power tap. Measuring the temperature of each power tap is
important for evaluating axial heat losses more accurately.
To reduce the uncertainty in the inferred heat transfer coefficient, guard heaters were installed to
minimize heat loss from the test section and maintain natural circulation potential in the chimney section
[Cochran et al., 2004b]. The guard heater is powered by 240 VAC and controlled by an OMEGA six-
zone PID temperature controller and two single zone PID temperature controllers from the same
company. Test section guard heaters are divided into four zones and connected to the six-zone controller,
and the chimney section guard heaters are separated into two zones and each zone is connected to a
single zone controller. Since the guard heaters on the test section were wrapped around more finely than
the guard heaters on the chimney section, different PID settings were necessary. This is because the
chimney section requires only minimum heat input to compensate for heat losses to maintain sufficient
buoyancy for the natural circulation runs. Thus, multiple PID temperature controllers were used and
each was controlled by the PC. Figure 5-7 shows a simplified wiring diagram of the guard heater and its
controllers. The actual wiring is more complicated since a three-phase 209 VAC was used to power
240VAC guard heater, and six solid-state relays with controllers are wired together. Finally, a secondary
insulation was installed to minimize heat loss from the guard heaters and to provide a safety measure to














*SSR: Solid State Relay
Figure 5-7 Simplified Wiring Diagram of Guard Heaters and Controllers
Downcomer section
The downcomer section includes a heat exchanger, pressure taps and an electrical break. The gas
charging and vacuum systems are connected to the downcomer section. A 1 inch stainless steel tube is
used for the downcomer section and the same compression type stainless steel fittings are used for the
riser section.
The heat exchanger was manufactured as previously described. The length of the heat exchanger is 2 m
and it is helically twisted with a 30 cm coil diameter (for a total of 6 and 2/3 turns). The building cooling
water arrives at a relatively constant temperature (approximately 283K). Two flow thermocouples
(shown in Figure 5-8) are installed near the heat exchanger; one at the inlet and the other at the outlet of
the heat exchanger. The two flow thermocouples are connected to the NI-DAQ. Building cooling water
temperature is also monitored by two thermocouples welded on to the heat exchanger. These
thermocouples are connected to the NI-DAQ.
Pressure taps are installed through tee connections on the downcomer, as indicated in Figure 5-8. The
pressure taps are controlled by solenoid valves. The differential pressure transducer is very sensitive,
and was used, together with the hot-wire in the downcomer, for the determination of the flow rate at low
Reynolds numbers. This will be described in detail in the following chapter.
An electrical break is essential to eliminate a parallel electrical path around the test section. This
insulating break was manufactured and installed in the downcomer section. Since the pressure drop in
the downcomer section is to be measured, great care was taken to achieve maximum smoothness of the
inner surface of the break and smooth transition between the break and the tube.
Four welded thermocouples and two sheathed thermocouples were installed on the downcomer section
with the same reasoning as explained in the previous section. The sheathed thermocouples are wired to
the NI-DAQ and the welded thermocouples are connected to the HP3852.
The downcomer section is also equipped with the same insulation material used on the test section. The
insulation is needed to maintain a constant gas temperature along the downcomer for reliable pressure
drop measurements, and to prevent personnel contact with the downcomer tube wall since its
temperature exceeds 40*C in some runs.
Figure 5-8 Instrumentation and Components in Downcomer section
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5.2.2 Blower
A blower system is required for testing in forced circulation at high Reynolds number and to accelerate
the initiation of natural circulation. Although natural circulation can develop without the blower, the
much higher heat capacities of the steel tubing in comparison to that of gas would result in a long
transient time before reaching steady state. Therefore, it is desirable to startup the loop at higher
circulation flow rate to transfer heat from the tube to the gas along the loop at a faster rate and thus
reduce startup time. A three cylinders compressor unit supplies the input necessary to circulate the gas
around the loop. Gas from the downcomer section of the loop is routed to an accumulator tank at the end
of the downcomer section. The accumulator provides damping of the suction flow to the compressor to
prevent from spreading piston driven flow oscillations to the loop. The compressor is re-plumbed to
connect all cylinders in parallel. After passing through the cylinders the gas is fed into a second larger
accumulator tank to provide smooth outgoing flow to the loop. These is no compression of gas as it
passes through the unit during operation. When the loop is vacuumed before the new gas is charged, the
compressor unit is isolated from the remainder of the loop, by six (6) valves installed in the inlet/outlet
lines immediately adjacent to the compressor cylinders, to prevent the lubrication oil in the compressor
from seeping out and contaminating the test section (Figure 5-9). Three additional ball valves installed
in the loop, near the compressor unit, provide the isolation of the compressor from the loop for natural
circulation testing. A variable frequency drive unit (VFD) provides speed control of the compressor unit.
A relief valve is provided at the outlet to the compressor to prevent possible over-pressure event.
Preliminary facility tests showed that operation at high system pressure requires higher power motor to
operate all three cylinders of the compressor. At higher pressures, gas density lowers the volumetric flow
rate required to reach desired Reynolds numbers. Therefore, for the high-pressure operation only one or
two compressor cylinders are required to generate the needed flow. To make possible fast disconnection
of the cylinders from the compressor with minimum moving parts, multiple valve systems were
designed and connected to the compressor section. Figure 5-9 shows the arrangement of the valve
system used in all runs. Also in order to have finer regulation of the flow, by-pass line with valve
systems were installed. Thus, major flow rate was controlled by number of cylinders connected to the
system while minor flow rate was controlled by changing the ratio between the loop flow to the by-pass
flow through a needle valve.
The flow measurement instrumentation was comprised of rotameter and turbine meter. The turbine flow
meter reduced the amount of signal processing necessary to produce accurate flow readings, since the
turbine meter is less sensitive to operating fluid, system pressure and temperature. The rotameter was
used for approximate indication of flow when setting up the experimental conditions. In this
experimental facility, two turbine meters are installed to accurately match measurement ranges to system
operating conditions. One turbine meter is from OMEGA and it can measure volumetric flow rate
between 1 and 10 cubic feet per minute (CFM), and the second turbine meter, manufactured by
FLOWMETRICS, measures flow from 0.2 to 2 CFM.
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Figure 5-9 Flow Measurements and Circulator System
5.2.3 Gas Charging System and Vacuum System
The vacuum and gas charging systems control gas purity and gas pressure in the main loop. The vacuum
system first removes air from the main loop except for a small volume in the compressor, by closing six
(6) valves. After the loop is vacuumed, the gas charging system is connected to the main loop to provide
the test gases such as nitrogen, carbon dioxide and helium. The gas charging system is controlled with a
pressure regulator. During the experiment, the gas charging system is connected to the system to
maintain a constant pressure and make up for any minor leakage in the main loop.
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5.3 Description of Instrument Calibration and Control Software
5.3.1 Instrumentation Calibration
Since all the signals collected by the data acquisition system are voltage signals, the digital volt meter
(DVM) on the data acquisition system require a calibration check to ensure accuracy of voltage readings
and thus of correct conversion from temperatures, pressures and all other voltage-related signals. Figure
5-10 is the result of this calibration. Universal voltage source calibrated from NIST was used to supply
voltage to the HP3852 digital voltmeter. The digital voltmeter readings agree with the supplied voltage
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Figure 5-10 Digital Volt Meter Calibration Results
Calibration of the output current signal from the DC power supply, used for heating the test section, was
checked using a 2 kilo-amp calibrated shunt connected across the output terminals of the DC supply. For
this calibration procedure bus bars to the loop experiment were disconnected from the DC supply.
Voltage drop across the shunt was compared to the current signal from the DC supply at different current











100 200 300 400 500 600
Reading (A)
Figure 5-11 Power Supply Current Signal Calibration Results
The figure clearly shows that a current value calculated from the voltage measurement agrees well with
the current value read from the voltage signal of the power supply. The maximum error between the
measured value and the voltage signal readings is below 0.8%.
The turbine flow meter and differential pressure transducer were calibrated by their manufacturers. For
each instrument, manufacturer provided calibration table, which were used in the data reduction
program using lookup table method. The interpolation between the table values was automatically done
by the facility operation software, which is presented in the next section.
5.3.2 Software for Facility Operation and Data Acquisition
Facility operation and data acquisition were all done using a Visual Basic program. The advantage of
writing a new program for the facility operation and data acquisition is that it can significantly reduce
the load on the computer compared to general commercial programs, such as LABVIEW. In addition,
writing an in-house code gives more flexibility than just utilizing existing programs. Figure 5-12 to
Figure 5-14 are screen captures of the operation and data acquisition program.
The most complicated issues in designing the software are: (1) selecting measurement quantities that
need averaging, (2) filtering the raw data to extract meaningful information, (3) displaying selection of
the data representation, and (4) integrating online calibration capability. For example, system pressure is
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averaged over "integration time" (see Figure 5-12) and displayed in a time vs. system pressure graph.
Also, since system pressure transducer needed to be calibrated for every experiment, the online
calibration was also possible with this software. The other example is the temperature display. Since, the
spatial temperature profile is an important indicator for heat transfer deterioration and the temperature
history is an important indicator for reaching and maintaining steady state, both were displayed on the
same screen. The software is also capable of monitoring the primary insulation surface temperature and
setting the guard heater temperature.
As mentioned earlier, the data were taken when the power supply was off for a short time to minimize
electrical noise on the ungrounded T/Cs (welded T/Cs). Therefore, a steady state indicator was necessary
to decide if the system reached the steady state or not and turn off the power supply to take data. This
indicator is designed to compare the previous time averaged temperature of the sheathed T/Cs, which
can be measured at all times due to their invulnerability to the power supply electrical noise, to the
current time averaged temperature. The temperature variation rate is calculated for each sheath T/C
using an averaging scheme, which reduces electrical noise induced in the sheathed T/C's signal. The
averaging time is decided by changing the integration time. The default averaging time was 30 seconds
and the steady state temperature readings were taken when the maximum temperature variation ratio was
below 6 *C per hour.
The differential pressure is measured by a MKS Type 120A high accuracy pressure transducer and the
raw signal is filtered to eliminate acoustic waves (acoustic wave is a pressure pulse also) introduced by
the circulating compressor. Both the raw data and filtered signal are displayed. All flow measurement
data, rotameter, turbine meter and hotwire is displayed on screen in real time. The software saves data to
two files. One file contains all the data of sheathed T/Cs and flow thermocouples gathered while the
power supply is on, and the other file includes all the data taken when the power supply is off.
For safety purposes, the heating DC power supply is automatically turned off when any sheathed T/C
reading is above 1050K. Additional safety functions include interrupting DC heating current when the
data acquisition system is not operating or there is some difficulty in acquiring data.
The software provides a dedicated summary tab for display of key operating parameters such as power,
heat flux, flow rate and system pressure. In addition, inlet non-dimensional numbers are displayed
providing easy determination of the current loop operational flow regime.
The hotwire calibration tab consists of four sections. The First section is for measuring and setting the
hotwire characteristic parameters such as probe resistance and the aspect ratio. The second tab is the
motion tab, which provides stepper motor control. The third tab is for the calibration. In this tab the
hotwire signal and velocity measured by the Pitot tube are correlated automatically and saved to a file.
The fourth tab measures the flow rate with the calibrated hotwire and stores the measured signal to a
different file and displays the velocity profile inside the main loop.
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Figure 5-12 Facility Operation and Data Acquisition Software (1/3)
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Figure 5-14 Facility Operation and Data Acquisition Software (3/3)
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5.4 Experiment Procedure
This section provides a step-by-step description of the procedure to acquire the data during each
experimental run.
1. Five hours prior to testing turn on the differential pressure transducer for warm up.
2. After the warm up period, connect both ports of the differential pressure transducer to each
other to create zero differential pressure. Execute "auto zero" function for the differential
pressure transducer. Auto zero sets the transducer output at a known zero differential
pressure.
3. Start the facility operation and measurement software.
4. Calibrate the pressure transducer for zero gage pressure, by insuring that the transducer is
exposed to atmospheric pressure, then measuring the transducer output for 20 seconds and
averaging the readings. This value is subtracted from the pressure transducer signal during
the test.
5. Isolate the compressor from the main loop. This procedure is necessary, since the
compressor sealing is not designed to withstand vacuum condition.
6. Open all valves in the main loop and start the vacuuming process.
7. After a vacuum state is reached, charge the loop with the gas required for the experiment:
nitrogen, helium or carbon dioxide.
8. Set the system pressure with the pressure regulator on the gas bottle and monitor the system
pressure with the calibrated pressure transducer.
9. Valve in the compressor and select the number of cylinders required for proper loop
operation. Gas volume required to fill the compressor is made up automatically from the
gas supply bottle.
10. Start the compressor and turn on the heat exchanger water supply.
11. Measure the flow rate to check if the desired operating condition is achieved.
12. Set the DC current supply value and start the power supply.
13. Set the guard heater temperature value.
14. Set the steady condition and monitor the temperature history and profile to check the steady
state and the operating flow regime. Also other information can be obtained from the
operation summary tab.
15. Obtain steady state data five times and move to the next condition.




Successful turbulent heat transfer correlations can only be developed from an understanding of turbulent
flow structures. To develop a valid correlation for the DTHT regime it is desirable to measure the
temperature and velocity distributions in the flow while the flow is in the DTHT regime. The
information about the velocity and temperature profiles will potentially reveal how the flow structure
changes with large acceleration and buoyancy effects. Moreover, because this experiment strives to
obtain data for low velocity gas flows, it is difficult to measure low gas mass flow rate with low
uncertainty. Hence the velocity profile measurements were planned in the straight section of the
downcomer also to serve for the flow rate measurements. A hot-wire probe was selected to measure the
velocity profile and a cold-wire placed next to the hot-wire to measure the temperature profile. Since
these probes are delicate, they require a calibration for every measurement, hence an integrated
calibration facility has been designed and assembled. A development of the calibration scheme and
preliminary measurements were described in [Lee, 2005a]. This chapter is focused on the integrated
calibration facility design and why the experience with the hot-wire was not successful as expected
during the design phase.
6.1 Design of Integrated Calibration Facility for Flow Transducer
A calibration facility requires the generation a stream of gas with known velocity and temperature
profiles under similar boundary conditions as in the actual experiment. Since the experimental
conditions are at high temperature and low velocity in a pressurized system, most of the previous
calibration facilities, which were usually designed for lower temperature, higher velocities at
atmospheric pressure, are not appropriate for the conditions of this facility. To design and build an
appropriate apparatus, the calibration facilities of previous workers, such as [Van Dijk and Nieuwstadt,
2004], [Meyer, 1992], [Koppius and Trines, 1998], [Papadopoulos et al., 1999] and [Shehata, 1984],
were reviewed and the basic design features that can be useful our facility design were identified.
The calibration facility should be able to:
1. Provide gas flow with a known velocity profile
2. Withstand the operating pressure
3. Generate gas flow at a temperature close to the experimental condition
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4. Minimize any events that can damage the hot-wire sensor, and
5. Enable easy repositioning of the probe between the calibration facility and the
loop in a pressurized system.
Since the calibration facility for the hot-wire used for measuring the velocity profile, temperature profile
and turbulence quantities is much more complicated than the calibration facility for the hot-wire used for
determining the flow rate on the downcomer section, the flow rate measurement facility was designed
first. This is because the hot-wire in the test section requires separate heater to bring the gas temperature
to the experimental condition which complicates the design, while the hot-wire in the downcomer
section doesn't require heating as the downcomer flow is close to ambient conditions.
Figure 6-1 shows the conceptual design of the integrated calibration facility for the measurement of the
velocity profile in the downcomer. The facility utilizes cold gas from the main loop. The gas is cold
since the facility is positioned after the heat exchanger. The cold gas flow proceeds to the hot wire
calibration station through the static mixer and the honeycomb. The static mixer mixes the gas to obtain
a homogenous temperature distribution in the flow and the honeycomb reduces turbulence in the flow to
minimize uncertainties during the measurement and flatten the velocity profile. The temperature of the
gas can be adjusted by controlling the water-cooling, and the velocity can be controlled through
changing the motor speed connected to the blower or throttling the flow by adjusting the valve. Another
key feature of the calibration facility is that the facility is attached to the main loop in order to minimize
the likelihood of accidental damage of the hot-wire sensor during repositioning. The probe arrangement
proposed here allows easy repositioning of the probe in the main loop after calibration is done. The
instrumentation is not shown in the figure for simplicity. Since the pressure difference between the
stagnant pressure and static pressure is going to be on order of a few Pascals, a highly accurate
differential pressure transducer is needed. Therefore, the differential pressure transducer used in the
main loop is used for the Pitot tube, since the specification indicates that the main differential transducer
has a resolution of 10- Pa.
An important issue during the design phase of the hot-wire calibration facility was that the necessity to
investigate the dependence of the measurement accuracy on the relative position of the hot-wire versus
the Pitot tube. If the Pitot tube is too close to the hot-wire, an upstream effect alters the hot-wire reading.
If it is too far the flat velocity profile after the honeycomb will develop and the hot-wire and the Pitot
tube measurements are no longer at the same velocity. Therefore, an analysis that combines both
preliminary experimental test in the preliminary hot-wire test facility and flow simulations was
conducted to identify the optimum distance between the Pitot tube and the hot-wire before finalizing the
design of the calibration facility.
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Figure 6-2 shows the schematic diagram of the preliminary hot-wire test facility. Operating fluid is air at
atmospheric pressure and the flow is regulated with the valve. Detail information of the facility is






















Figure 6-2 Schematic Diagram of Preliminary Hot-wire Test Facility
The velocity profile was obtained at Reynolds number of 2300 with air at atmospheric pressure at two
different positions in the preliminary experimental facility, which is described in [Lee, 2005a]. The
second position was two inches further downstream than the first position. Figure 6-3 shows the
preliminary experimental results.
0.10 0.15 0.20 0.25
Position from the wall (inch)
Center Line
0.35
Figure 6-3 Experimental Data for Two Different Positions
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2 in.
The hot-wire and the Pitot tube have to be aligned at the centerline to measure the flow velocity. Figure
6-3 shows that there is an approximately 5% difference in the voltage measurement between the two
positions, but since the velocity has a non-linear relationship with the voltage, the velocity error is
expected to result in more than 5% signal error. Therefore, the distance between the hot-wire and the
Pitot tube has to be closer than two inches.
Simulations with the Computational Fluid Dynamics (CFD) commercial code, FLUENT, were
performed for the geometry of Figure 6-4 to identify the upstream effect of the Pitot tube. A two-










Figure 6-4 Geometry Setup for the FLUENT Simulation
Figure 6-5 shows the result. The points on Figure 6-5 designate the spots where the two cases on Figure
6-4 start to show lower than O.Olm/s velocity difference. The final drop in the figure is when the solver
was changed from the laminar to V2F turbulent model.
The graph on Figure 6-5 shows that, for example, for an inlet velocity of lm/s the hot-wire needs to be
positioned 1.85cm upstream from the Pitot tube to have less than 0.0lm/s velocity difference. A sudden
drop at inlet velocity 2m/s is due to differences in the model selection. The top point is calculated with a
laminar flow assumption and the bottom point is calculated with v2-f turbulence model, which is suitable
for low Reynolds number flow. If the flow condition is turbulent, the upstream effect is less pronounced
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due to the momentum mixing. From the figure, an approximately 2cm separation between the Pitot tube
and the hot-wire will have a negligible error due to the upstream effect. The error from the velocity
profile development for 2cm separation was around 2%, which is also reasonable.
A similar conclusion can be derived from a potential flow assumption. According to [White, 1999], the
velocity approaching the stagnation point, which is shown in Figure 6-6, is given by Equation (6-1). If
the Pitot tube nose radius a is equal to 2mm, than the position where the velocity U(z) deviates 1% from
the original velocity Uo is 2cm from the origin. Therefore, the CFD simulation result can be confirmed


















Figure 6-6 Potential Flow Calculation
6.2 Hot-Wire Measurement
In this section, the potential for using a hot wire probe to measure the total flow rate in the system is
evaluated with the integrated calibration facility described in the previous section. The flow rate was
obtained by integrating the measured velocity profile (with the hot-wire) in the downcomer adiabatic
flow region at the fully developed flow condition. An engineering challenge of the calibration facility is
development of a method to place the wire probe in a pressurized system and calibrate it without
frequent dismantling of the facility. Since most of the hot wire probe measurements reported in the
literature were performed in open flow systems, the concept of online calibration facility using the mini
Pitot tube is a first such attempt to obtain a velocity profile in a pressurized system. Figure 6-7 shows a
conceptual diagram of the assembly piece that was manufactured for the hotwire online calibration
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To dPXducer
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Figure 6-7 Close-up of Assembly Piece for Calibration Loop
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To calibrate the hotwire, the voltage signal from the hot wire needed to be correlated to velocity
measurement from the Pitot tube. To minimize temperature gradient and flow turbulence of the flow
entering the calibration stage, a static mixer and a flow straightener were installed upstream of the
hotwire and Pitot tube as discussed in the previous section. Both the main loop side and the calibration
loop side have a 2.35 cm inner diameter tube geometry. The Pitot tube is placed 2cm downstream from
the hot-wire based on the analysis described in the previous section.
In operation, the hot wire was positioned within the calibration flow stream and, after calibration was
completed, the probe traversed to the main loop downcomer, where actual measurements of the flow rate
in the loop were performed. A 5mm hole drilled between the calibration and main flow channel allowed
the hot wire probe to extend into the main flow channel. The hole size was chosen to accommodate
passage of the hotwire support, yet minimize flow disturbance in both the calibration section and main
flow channel.
Before installation of the calibration stage into the main loop, preliminary experimental runs with air and
using a small compressor outside the loop were performed. This was to check if the King's law
(Equation (6-2)) could be used as an interpolation scheme between values of the lookup table, and if the
Pitot tube can successfully measure the true velocity with a differential pressure transducer (see more
details on calibration in [Lee, 2005a]). It clearly showy that the King's law is valid, and even the King's
law alone shows a reasonable agreement with the data'since R-square value is near unity.
E = A + BU- 5 (King's Law)
(6-2)
Another engineering challenge was how to determine the exact position of the hotwire when traversing.
Since the actuator is a stepper motor and can move with an accuracy of 1/2400 inch per step, the step
count from the fully retracted position was used as the information about the hotwire position. Thus, the
number of steps was converted into the position inside the calibration loop and the main loop by
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Figure 6-8 Pitot Tube vs. Hotwire Signal
Figure 6-9 shows the online calibration loop of the hotwire measurement system after it was installed
into the facility. The hotwire was calibrated through the following procedure:
1. The system pressure is set to the experimental condition with the working fluid.
2. The downcomer section of the main loop side is isolated, and the calibration loop side is
connected to the system through positioning of the four ball valves on the loop (see Figure 6-9).
3. After starting the circulator, the hotwire measures the electrical signal at the middle point and
returns back to the fully retracted position to minimize the down stream effect for the Pitot tube
measurement.
4. This procedure is repeated for different flow rates by controlling the circulator system.
5. During the process, the average and variance of the hotwire signal are recorded in the computer
with the flow temperature, since the hotwire is sensitive to the temperature change.
6. After the calibration is finished, a lookup table is produced to correlate a hotwire signal to a true
velocity value.
7. Four valves are operated to isolate the calibration loop side and reconnect the downcomer


























Figure 6-9 Schematic Diagram of Online Hot Wire Calibration System
A few sample runs were performed with air for different flow rates after the installation of the hotwire
calibration system to check if the calibration procedure can yield an acceptable result. Figure 6-10 shows
the measured data. Figure 6-10 data were taken by measuring the hotwire signal for every 10 steps
(1/240 inch) inside the calibration loop to check if the optimization procedure used to establish the
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balanced distance between the mini-Pitot tube and hotwire could provide good results. The markers in
the figure are only to help the understanding of the readers and the markers do not represent all the
measured data.
Figure 6-10 shows that for high flow rate cases the upstream effect of the Pitot tube is significant. The
high flow rates in these cases are higher than the range of conditions tested in the analysis for optimum
distance between the hot-wire and the Pitot tube. These results were unexpected, since from the analysis
if the flow becomes turbulent (when the flow rate is high) the upstream effect decreases compared to the
laminar flow due to the turbulent mixing. However, as the flow rate decreases the upstream effect
diminishes in the experiment. Therefore, from the experimental data, it can be concluded that the
hotwire flow transducer system can be valuable when the flow rate is small enough to have negligible
upstream effect of the Pitot tube.
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Figure 6-10 Hotwire Calibration Results at Different Flow Rate
Another drawback of the hotwire arrangement is that when operating in high flow rate condition, some
flow is diverted through the opening for hot wire stem to the calibration loop, which induces asymmetric
velocity profile in the main loop. Figure 6-11 illustrates this problem clearly. The markers are added to
aid the readability of plots, and the markers are not actual data. In Figure 6-11 legend, "Main Loop
Flow" shows the case when only the main loop side is connected to the facility (and the hot wire was
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also active inside the main loop) and "Calibration Loop Flow" indicates that the hotwire signal was
measured when only the calibration loop was connected to the loop.
A sideway penetration of the hotwire to the main loop is inevitable if the facility is to be built for
operating at elevated pressures. Even though the penetration hole was small, the skewed velocity profile
can be readily observed from the figure. This can cause a significant error since the total volumetric flow
rate is measured by integrating the one dimensional velocity profile. Two or Three dimensional
asymmetric velocity distributions can't be captured by a one-dimension velocity measurement and one-
dimensional integration. However, one can predict that the effect of the asymmetric velocity profile will
be less the low velocity flow, since the skewed maximum velocity will be smaller for those cases and a
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Figure 6-11 Some Problems with Hotwire Calibration Scheme
Thus, it was concluded that due to the upstream effect of the Pitot tube inducing an asymmetrical
velocity profile, the hotwire system was not a reliable measurement device in a high flow rate
pressurized loop. However, the hotwire system had a potential to provide more accurate measurements
for low flow rates. Since the low flow rate turbine meter from the FLOWMETRICS can cover flow rates
down to 0.2 CFM with reasonable uncertainties (~1%), utilizing the hot-wire for the flow rate
measurement was left as a future work.
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The design problems discussed in this section can be resolved through avoiding the sideway penetration
of the hot-wire sensor to the test section or operate in very low flow rate where the hot-wire stem from
sideway has very small effect on the measurement. However, avoiding sideway penetration is very
difficult for a pressurized system in a long test section such as our facility. This is because to avoid
sideway penetration the only solution is to come from the top of the test section. Since long support
structure of the hot-wire is susceptible to the vibration, the hot-wire sensor can be damaged easily. Also
measuring accurate position of the hot-wire in the test section is very difficult for top penetration.
Therefore, utilizing the hot-wire sensor to measure the velocity and the temperature profiles in the test
section at elevated pressure and measuring changes in turbulent structure due to large buoyancy or
acceleration effect were not possible due to these difficulties.
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7 Data Reduction and Uncertainty Analysis
Following the procedure described in Chapter 5, raw data of temperature, system pressure, flow rate,
applied voltage and current are collected and stored by the operating software. In order to determine the
heat transfer coefficient for given operating conditions, the obtained raw data require post-processing.
This chapter will start with description of characterization of the thermal conductance of the insulation
material in order to estimate the heat loss, and to minimize the uncertainties in the heat flux
measurement. The first three subsections of this chapter describe a single thermal conductance
measurement and three preliminary runs during the construction of the facility to provide
examples of the data reduction, and to identify the necessary improvements of the facility to
complete the construction. Next the data reduction program designed for the heat transfer coefficient
determination will be discussed in detail. This will be followed by a description of the uncertainty
analysis in the heat transfer coefficient determination. Finally, a summary of improvements of the
experimental facility based on the preliminary runs and thermal conductance measurements of the
insulation material in the final facility are provided.
7.1 Thermal Conductance Measurement of Insulation Material
The heat provided to the test section at steady state can be divided into two parts. The first is the heat
that increases the temperature of the fluid while the other part is the heat that escapes through the
insulation material and axial conduction, in other words the heat losses. Since the convective heat
transfer capability of a gas is inherently smaller than that of a liquid due to the low density of gas, the
ratio of the heat losses to the heat observed in the fluid is higher for a gas than a liquid. Furthermore
during the DTHT the turbulent gas heat transfer will decrease even further, which means the ratio of heat
loss to heat input increases even further. Therefore, the heat loss measurement and the characterization
of the insulation material is especially important in a gas heat transfer experiment, to accurately
determine the heat flux and the heat transfer coefficient.
The guard heaters were not yet installed to the facility during preliminary tests of the thermal
conductance measurement of the insulation material presented in this section. To measure the thermal
conductance of the insulation, first air was pumped out from the loop creating a near vacuum condition.
By creating a close-to-vacuum condition, one can assume that all the heat that is produced proceeds
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through the insulation to the ambient, i.e., no energy is removed through natural circulation in the loop
due to the absence of any gas. Therefore, air was being pumped out by the vacuum system (i.e. the
vacuum system remained online) during the entire measurement to maintain the close-to-vacuum
conditions. In addition, to prevent any natural circulation flow from the small amount of air that
remained in the system, the main loop valve was closed.
Figure 7-1 through Figure 7-4 show the collected raw data of the facility during the thermal conductance
measurement. The raw data were recorded every one-minute. The voltage and current graphs (Figure 7-1
and Figure 7-2) show that a constant power was maintained during the test. The first spike in the voltage
and current plots is a controlled power increase and decrease, not an irregular behavior of the power
supply. Figure 7-3 and Figure 7-4 plot the test section wall thermocouple and insulation thermocouple
temperatures with time. Test section 0 and test section 19 in the legend of Figure 7-3 designate the first
and the last wall thermocouple from the bottom, respectively. The plots clearly show that steady state
had been attained. In Figure 7-4, since three azimuthal thermocouples were installed at every axial
position on top of the primary insulation, each insulation thermocouple is designated by its angular
location as 0 degree, 120 degree and 240 degree to distinguish one from the others. The number
indicates the axial position. The lowest thermocouple is indicated as 1. It should be noted that during
the preliminary test, the insulation thermocouples were installed at only six different axial
Dositions. It was found only after the preliminary test that more insulation thermocouples are necessary
to accurately characterize the insulation material. The experimental upgrades after the preliminary test











0 5000 10000 15000 20000 25000 30000
Time(Sec)








0 5000 10000 15000 20000 25000 30000
Time (Sec)
Figure 7-2 Current Measurement vs. Time
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Figure 7-4 Insulation Temperature Measurement vs. Time
The spatial temperature distribution of the test section and insulation after the steady state was reached
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are plotted on Figure 7-5. The markers in Figure 7-5 for insulation thermocouples denote the axial
position of each insulation thermocouple during the preliminary test.
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Figure 7-5 Test Section Wall and Insulation Temperature vs. Axial Position
To reduce the error in temperature measurement, several measured values are averaged for ten minutes
during the steady state. Figure 7-5 shows the averaged values of these measurements. It is seen that the
test section had approximately uniform heat flux in the middle, and the energy that was removed by a
gas flow is minimal. Since there is a copper block and stainless steel block at each end of the test section,
a fraction of heat that is generated at the ends is removed by axial conduction rather than the radial
conduction through the insulation.
Before describing the data reduction process for calculating the thermal conductance of the insulation, it
should be noted that a zoning scheme was necessary for the preliminary test data reduction process. This
was because a smaller number of axial insulation thermocouples than the test section wall
thermocouples were installed to the facility in the preliminary test. The zoning scheme was applied to
the next section in the preliminary runs. '1' insulation thermocouple (T/C) covers from '1' to '3' wall
T/Cs. '2' insulation T/C covers from '4' to '7' wall T/Cs, '3' insulation T/C covers with from '8' to
'10' wall T/Cs, '4' insulation T/C covers with from '11' to '13' wall T/Cs, '5' insulation T/C covers
with from '14' to '17' wall T/Cs and '6' insulation T/C covers with from '18' to '20' wall T/Cs.
Again it is noted that this zoning scheme was not used in the final data since the axial positions of the
insulation T/Cs were increased to correspond to the wall temperature measured locations in the final
facility arrangement.
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The insulation thermal conductance is defined from Equation (7-1). Index i indicates the azimuthal
position andj indicates the axial position. Since the test section stainless steel wall thermal conductivity
is higher than that of the insulation, a uniform temperature is assumed around the test section wall.
Therefore, there is no azimuthal index k for the wall temperature. Also the heat flux is assumed to be
azimuthally uniform. The radial heat flux is calculated from the heat balance of each axial segment
(Equation (7-2)). qto,azj is calculated from the power and the ratio between length of thej th segment to
the whole length of the heated section and axial heat rate loss, V is applied voltage, I is applied current,
LHis the total heated length and z; is a length ofj th segment in Equation (7-3).
hik - T /U'O - )ns, -,k
(7-1)
', =(4totai,j ~-4axial,j,net )/A,j
(7-2)
4totaij = VIL H i
(7-3)
qaxialj, is calculated from the temperature difference between two axial segments in the test section. The
central difference scheme is used to calculate thej th axial heat loss. Therefore, the temperature gradient
is calculated with thej+l th,j th andj-1 th elements. (z;+ 1+z;)/2 denotes the distance between]j+l th andj
th element. See Figure 7-33 for more information.
~
4
axiaIj = kl. a T k,1 A, T 0'j+1  -7 ' T 0,1  1 '-
az (zj+1 +zj)/2 (zj+z 2
(7-4)
The calculated results of the insulation thermal conductance from the experimental data are shown in
Figure 7-6. It is observed that the thermal conductance has a small dependence on the azimuthal position,
but a large dependence on the axial position. This result from the preliminary tests was surprising, since
the same insulation material was used and therefore the thermal characteristic of the insulation material
was expected to be similar. Since large discrepancies in the thermal conductance exist at each end of the
test section due to a rough estimation of axial heat loss from the heated section to the voltage taps,
measuring the temperature of the voltage taps and placing more insulation thermocouples axially will
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reduce the error. The thermal conductance measurements of the insulation material after improvements















0.0 0.5 1.0 1.5 2.0
Axial Position (m)
Figure 7-6 Thermal Conductance of Insulation on Test Section vs. Axial Position
Figure 7-7 shows logical flowchart of the data reduction program for the thermal conductance
measurement. All the data reduction programs were written for MATLAB environment.
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Figure 7-7 Flow Chart of Data Reduction Program for Thermal conductance Measurement of Insulation
Material
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7.2 Data Reduction of Heat Transfer Coefficient
The raw data from the preliminary runs, which were taken during the construction of the facility.
are presented in this section only to show the readers how the raw data are processed and what are
the improvements identified from the preliminary runs to increase the accuracy of the
measurements.
Table 7-1 shows the conditions for three different experimental runs. All the runs were performed with
nitrogen gas. The data from these three runs were not incorporated in the correlation validation and
development phase. For the run designation, the first three digits indicate the Reynolds number (for
example 067 stands for Re at the inlet of about 6700) and last two digits indicate the q+ (e.g., 13 stands
for q* = 0.0013). The three experimental runs cover a range of local Reynolds numbers from 4700 to
12,800, which is usually considered as a turbulent flow regime in pipe flow. The plots of pressure,
voltage, current, test section wall temperatures, flow temperatures and insulation temperatures versus
time are shown for each run to confirm that all the measured variables reached the steady state. There is
a small variation at 13,000 seconds in the temperature profile due to a power supply irregularity in the
07915 run. However, after a small transient, all the indicators reached steady state. Since the guard
heaters were not installed on the facility, significant heat losses in the chimney section are observed
from the flow temperatures plots (Figure 7-12, Figure 7-18 and Figure 7-24).
TABLE 7-1 EXPERIMENTAL CONDITIONS (NITROGEN)
06713 Run 07915 Run 12823 Run
Mean Power (W) 397.5 515.0 1187.1
Mass Flow Rate (kg/sec) 0.0015 0.0018 0.0028
Mean Pressure (MPa) 0.1380 0.1533 0.2279
Inlet Reynolds Number 6738 7992 12871
Outlet Reynolds Number 4624 5304 7438
q* inlet 0.0013 0.0015 0.0023
Inlet Bulk Temperature (K) 298.6 299.0 299.4
Outlet Bulk Temperature (K) 494.4 521.0 622.1
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Figure 7-8 Pressure vs. Time (06713 Run)
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Figure 7-10 Current vs. Time (06713 Run)
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Figure 7-11 Test Section Wall Temperature vs. Time (06713 Run)
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Figure 7-12 Flow Temperature vs. Time (06713 Run)
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Figure 7-16 Current vs. Time (07915 Run)
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Figure 7-18 Flow Temperature vs. Time (07915 Run)
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Figure 7-19 Insulation Temperature vs. Time (07915 Run)
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Figure 7-20 Pressure vs. Time (12823 Run)
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Figure 7-23 Test Section Wall Temperature vs. Time (12823 Run)
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Figure 7-24 Flow Temperature vs. Time (12823 Run)
-e- Insulation TC 1 0 deg
Insulation TC 1 120 deg
X Insulation TC 1 240 deg
-0- Insulation TC 2 0 deg
--- Insulation TC 2 120 deg
-- Insulation TC 2 240 deg
~-- Insulation TC 3 0 deg
-*- Insulation TC 3 120 deg
Insulation TC 3 240 deg
-v- Insulation TC 4 0 deg
-- Insulation TC 4 120 deg
- Insulation TC 4 240 deg
--- Insulation TC 5 0 deg
-- Insulation TC 5 120 deg
i Insulation TC 5 240 deg
-4- Insulation TC 6 0 deg
i Insulation TC 6 120 deg
- Insulation TC 6 240 deg
0 2000 4000 6000 8000 10000
Time (Sec)









To reduce uncertainty, the last ten minutes readings were time-averaged for each measured variable.
After the averaging process, total power at the j th segment, axial heat loss and radial heat loss were
calculated from Equations (7-3), (7-4) and (7-5), respectively. Furthermore, q",,,,g is taken as the average
value over the three different azimuthal heat fluxes (Equation (7-5)). From the heat balance, the heat
fluxes for each measured point can be calculated from Equation (7-6), where A0g and A,, are the outer
and inner surface areas of the] th element.
q,"sj=(q,,, +q,",,,2 +q 1, 3 )/3
= ( h,,,(To, - 7,,, ) + h,,,,,2 (To,j - i,j,2) + h,, (T., - ))/3
(7-5)
qetj =( 4 tota,,j,, - 4 -iaj,ne - Aj ,q,".,s|A 1
(7-6)
Using the measured outer wall temperature of the test section, the inner wall temperature is calculated
taking into account the test section thermal conductance. This is done by solving the conduction
equation for heated annulus geometry with a heat flux and a temperature on the test section outer wall as
a boundary condition. The axial heat conduction is neglected in the solution, as shown in Equation (7-7).
The test section (stainless steel) thermal conductivity is assumed constant. The derivation of Equation
(7-7) is given in Appendix-B.
T , = T.,j+ - (D2 -D)+ D D D qw OSjfIn
16k,, 2k,, 4 ) o
(7-7)
The bulk temperature is calculated from an energy balance based on the mixing cup enthalpy. A central
difference scheme is used to calculate the j th enthalpy. The difference between H and Hj, is based on
the average heat flux between thej th point andj-l th point, thus the last heat flux term in Equation (7-8)
is multiplied by a half.
H = H,,+ q" z2 + qnet ,,Iz)
(7-8)
Here H is the enthalpy, q",,,g is the net heat flux at thej th point, H,, is inlet enthalpy, and z is the length
of a segment and this is equal to the distance between two wall thermocouples in most cases. m is
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calculated from the measured volumetric flow rate at the outlet of the compressor outlet tank and the
density at the heated section inlet, where the temperature is the same as the flow rate measurement point.
z; is a constant except for zi, since the first thermocouple on the test section is not the starting point of
the heated section. H, is obtained by applying the measured inlet fluid temperature to the property table.
H,, = G(7T, P)
(7-9)
G(T,,,P) is a function that linearly interpolates between the NIST properties table to calculate the
enthalpy for a given temperature and pressure. After calculating the enthalpy at each point, Ty can be
evaluated from the property table by G1(HP), which is an inverse function of G(T,,,P) that finds the
bulk temperature from NIST properties table for a given enthalpy and pressure. All the thermal
properties of experimented gases are evaluated with the NIST properties.
T, =G-1(H,P)
(7-10)
Figure 7-26 through Figure 7-28 plot axial distributions of the mean wall temperatures and the fluid bulk
temperatures of the three experimental runs, calculated from the data using the equations described
above. The temperature axial profile shows the thermally developing region and fully developed region
together. The lower value of the last wall temperature compared to the previous wall temperature is due
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Figure 7-28 Test Section Wall Temperature vs. Axial Position (12823 Run)
Next, the heat transfer coefficient and the Nusselt number can be calculated for each point from the
known steady state wall temperature, bulk temperature and heat flux. Figure 7-29 through Figure 7-31
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7-29 Nusselt Number vs. Axial Position (06713 Run)
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Figure 7-31 Nusselt Number vs. Axial Position (12823 Run)
Figure 7-32 shows the measured Nusselt number for all three runs with the Gnielinski correlation given
in Equation (4-7). The first two nodes are not shown in the figure since those points are located at the
thermal developing length and include significant deviation due to the uncertain estimation of the axial
heat loss of the test section. Runs 06713 and 07915 show a very good agreement with the Gnielinski
correlation, which confirms proper construction of the experimental facility. However, 12823 run
departs from the Gnielinski correlation and this is mainly due to the high temperature operation.
Average wall temperature of run 12823 (maximum -800K) is higher than the other runs (maximum
-600K), which can be observed by comparing Figure 7-26 and Figure 7-27 to Figure 7-28. High
temperature operation indicates that the thermal conductance of the insulation material used in the run
12823 has significant error since the conductance was measured for only one wall temperature condition
550K (Figure 7-6). Considering the dependence of the insulation material thermal conductance on the
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Figure 7-32 Nusselt Number Comparison (Re vs. Nu)
Figure 7-33 shows an illustrated diagram of each necessary variable for calculating the heat transfer
coefficient at each axial point, and where it is obtained. The figure summarizes how Equations (7-6) to
(7-11) are evaluated at thej th segment.
The flowchart of the data reduction program is shown in Figure 7-34. The philosophy of the data
reduction program is code modularity. Hence the gas properties function, thermal conductance database
of the insulation material, geometrical features, and the main processor, are all separate and can be
called as intrinsic functions in MATLAB. In addition, the format of the output file was designed in such
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Figure 7-34 Flow Chart of the Data Reduction Program
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7.3 Uncertainty Analysis
The relative uncertainty in the measured Nusselt number can be expressed as a relation of the relative
uncertainty in the measured heat transfer coefficient, inner tube diameter and thermal conductivity of the
fluid, which is given by:
ANu Ah + 2 +Ak.2 -
Nui hj D, k
(7-12)
Since AD, is known value (see Table 7-2), and Ahj and Ak are unknown values, which require further
process.
The thermal conductivity (=k) of the fluid is obtained from the measured system pressure and fluid bulk
temperature.
k. = G(T,j, P)
(7-13)
Ak can be determined by partially differentiating Equation (7-13) respect to fluid bulk temperature and
pressure, as shown in the following equation.
>2 22
Ak= (G 8G6Akj = AT. + -AP
S aTbJ ,j a' J
(7-14)
Since AP is a known value (see Table 7-2), A T, value has to be obtained to evaluate Ak. A Tj can be
derived from Equation (7-10). All the partial derivatives in Equation (7-15) are evaluated numerically by
MATLAB.
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'H.G 8G-AT,,- G- AHj) +(a A 
2P
(7-15)
AH has to be evaluated to calculate the uncertainty in the bulk temperature, and it can be evaluated from
Equation (7-16).
AH, 2 + -+-' q",,,z,+q",,,Izj/2 + q",,,z, + q" Iz/2 ADJ
AH,{ T,IP)= m ~ j (Aj
(zAq" + .,D Aqz, + .'' AzA
, m 2m ,=1 m n 2
(7-16)
Since m=pQ, Am can be evaluated from Equation (7-17).
AM (A '2 A 2 ~
th Q ) p)
(7-17)
The only parameter requires further process in Equation (7-16) is AHn. AH,, can be derived from
Equation (7-9), as shown in (7-18).
AH aG A8~ 
(G AP2 2aHG=-A,. + -AP
(ab,j b aj
(7-18)
It should be noted that since G or G' is a linear interpolation function or an inverse interpolation
function for the NIST property table at given temperature and pressure. X/?T and Xu/P in
Equations (7-14) and (7-18). and J'/OHj and JG'/6P in Equation (7-15). all utilize the
uncertainties of the NIST property (Ak and AHl in Table 7-3).
Ah consists of three main uncertainties in the measurements. Three main uncertainties in Equation
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hj q nej (Tij - T )
+ r AT,
(Tij - T )
(7-19)
Equation (7-20) is the uncertainty of the net heat flux that is removed by the gas flow, which is derived
from Equation (7-6). To evaluate Equation (7-20), uncertainties of the measured power (Aq0ota ) and heat
loss have to be evaluated first. The uncertainty of the total power at thej th segment, the axial heat loss
and the radial heat loss can be derived from Equations (7-3), (7-4) and (7-5), respectively. The resulting
equations are:
2 2
Atota,j + A4axialnet +
+ 2 2
-- qloss,j o j oss",j
ij'j Aj ls
4totalj 4 axialj,net O ss ,j) AA
A 2 1,
(7-20)
A4'2 2 )2 V 22






Oj+1 T W j w T I I c
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k \12 / 21 1 2 r T T]
z +z 2 (z+z )/2 (z., +z+)2
2 ((2
11T 
,+ - Tj A+ k A c 2 - 2 + 2kA. *o * +zt ( z +z) (z +z,1 
_ (zj + z i j
(7-22)
A q ",, = (A q ,",j,1 )2 + (A q ," 2  )2 + (A q )23 J, ) Aqlss~,3y
(7-23)
Aq7,,j,k = w nT,,j,k)Ahj,j,k )2 + h + (h1,, AT.,,)
(7-24)
The uncertainty in the geometry and the temperature measurement, for example Az, AA, and AT, are
known values. Therefore the only needed information to evaluate Equation (7-20) is the uncertainty of
the thermal conductance measurement, Ah,,,; in Equation (7-24). Equation (7-25) can be derived from
Equation (7-1).
-hn __ (_ AT' 2+ AT 2
hi,,, q,,,,,, (Tw,, - T,,,k, wj, -. )~
(7-25)
To evaluate Equation (7-25), Aq",,, has to be obtained, since the temperature measurement
uncertainties are known. dq",,j term can be calculated by partially differentiating Equation (7-2). It
should be noted that Aq",,,sj in Equation (7-23) is different from Aq",,,,, in Equation (7-26). Equation
Saxia,i
(7-23) is the uncertainty of the radial heat loss when the gas heat transfer coefficient is measured and
Equation (7-26) is the uncertainty of the radial heat loss when the loop is maintained close-to-vacuum
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The uncertainty is shown in Figure 7-35. The y-axis is the ratio of Ah,, to hi,,gjk. Figure 7-35 shows the
uncertainty in the insulation thermal conductance has the highest value at the test section both ends. The
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Figure 7-35 Uncertainty in the Insulation Thermal conductance (Preliminary Test)
Equation (7-27) shows the uncertainty of the inner wall temperature derived from Equation (7-7) by
taking partial derivatives with respect to each independent variable. Since q is a volumetric heat
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+ Cq D, + 2D DqK-q jADJ
8k,, 2k,,D, 4 ))S'
(7-27)
Therefore, Akj and Ah are evaluated, and ANu in Equation (7-12) can be obtained.
The uncertainty of each basic component is tabulated in Table 7-2.
TABLE 7-2 UNCERTAINTIES OF EACH MEASUREMENT DEVICE
Parameter Absolute Uncertainty Source of Uncertainty
AD, AD., Az;,ALy ±0.05mm Length Measurement uncertainty
AT ± I 'C K-type thermocouple uncertainty
A V ±0.015 V Fluctuation in the Power Supply
AI ±0.5A Fluctuation in the Power Supply
AP ±0.5psi=±3.4kPa Pressure transducer uncertainty
± % of reading Turbine meter uncertainty
AQ r±0.25CFM=±l.18X10l4m 3/sec Rotameter of uncertainty
Table 7-3 shows the thermo-physical properties uncertainties for each gas per National Institute of
Standards and Technology (NIST) properties database [Lemmon et al., 2002], which was used to
calculate properties of all gases in this experiment. However, the NIST reference gives 5% uncertainty
for helium specific heat. The helium properties in the NIST database cover a large temperature range
from almost absolute zero to 1800K, and variation of the specific heat uncertainty over smaller ranges of
temperatures and pressures is not given. NIST experts were contacted regarding helium's specific heat
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uncertainty for the range of temperatures and pressures in the experiment. Smaller uncertainty value of
0.5% was given for the experimental range between 300K and 1000K and pressure between 0.1 and
IMPa [Arp V., 2006].
TABLE 7-3 UNCERTAINTIES OF THERMO-PHYSICAL PROPERTIES
Thermo-Physical Properties Nitrogen Helium Carbon Dioxide
Thermal Conductivity (=Ak/k) 2.0 % 5.0 % 5.0 %
Density (=Ao'p) 0.02 % 0.1 % 0.05 %
Viscosity (=Ap/p) 2.0% 10% 0.3%
0.5 %
Specific Heat (=dc,/c,) 0.3 % (5% Reference Value) 0.15 %
0.5 %
Enthalpy (=H/H) 0.3% (5% Reference Value) 0.15%
















Figure 7-36 Uncertainty in Nusselt Number for Three Preliminary Tests
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Since the flow rate of the preliminary tests was measured with a rotameter only, the mass flow rate
uncertainty was evaluated with the rotameter uncertainty. The total uncertainties of the data used for
correlation validation and development are based on the turbine meter uncertainty. Equation (7-16)
shows that the uncertainty in the bulk temperature increases with the axial position due to the
uncertainty build up in the enthalpy and this is reflected on Figure 7-36. A significant error at both ends
of the test section is due to the uncertainty of the insulation thermal conductance (Figure 7-35) and the
uncertainty in estimating the axial heat losses. However, the error does not include the temperature
dependence of the insulation thermal conductance. Therefore, run 12823 shows a smaller error than the
other two runs. This is because the weighting factor of the temperature reading uncertainty decreases as
the wall and bulk temperature difference is increased, and this difference is appreciably higher for run
12823 than for runs 06713 and 07915.
7.4 Upgrades of Experimental Facility
The preliminary runs presented in this chapter has been obtained from the facility during the
construction period to check if the facility was appropriately being built and identify any design
improvements to increase the accuracy of measurements. Four major upgrades were identified from the
preliminary tests and these upgrades were incorporated.
1. In the preliminary runs, three azimuthal insulation thermocouples were installed on only six
axially selected positions. During the preliminary runs, it was found that the numbers of
insulation thermocouples was not enough to measure the thermal conductance of the insulation
material accurately. Therefore, twenty thermocouples axially and three thermocouples
azimuthally at each axial position were installed as it is described in Chapter 5.
2. In the preliminary runs, no thermocouple was attached to either the stainless steel or copper
blocks, which are attached to the test section as voltage taps. Since the voltage taps are large
pieces of metal with high heat capacitance, the taps behave as a strong heat sink. Therefore, to
estimate the total axial conduction heat loss from the heated section accurately, the temperature
measurement of each voltage tap was necessary. The temperature of each voltage tap was
measured with two thermocouples placed at each tap.
3. In the preliminary runs, storing the raw data sets for a long time caused a problem due to the
limited storage area of the computer. Furthermore determining if the facility reached steady
state or not from observing the raw data sets was also ambiguous. Hence, a steady state
indicator was designed and implemented in the control software and the data was stored only
when steady state conditions were met. The logical flowchart for the steady state indictor is
provided in Appendix-C.
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4. In the preliminary runs, temperature dependence of the thermal conductance of the insulation
material was ignored. This caused significant error during high temperature operation in the
forced turbulent convection regime. Thus, the thermal conductance was measured at six
different test section average wall temperatures to observe the temperature dependence of the
insulation material.
The thermal conductance of the insulation material with respect to six different average wall
temperatures is presented in Figure 7-37, which were obtained after the upgrades discussed above.
However, even though the guard heaters were installed, during the thermal conductance measurement
the guard heater was not engaged in operation. This is because the data presented in the next chapter is
obtained through the forced circulation by operating the blower. The guard heater operation is not
essential to lower the measurement uncertainties during the forced circulation. The numbers in the
legend indicate the corresponding axial position (e. g. '1' is the inlet of the test section and '20' is the
outlet of the test section) and different markers are for different azimuthal sections (e. g. circle is for 0
degrees, cross is for 120 degrees and square is for 240 degrees T/C positions). Since three azimuthal
T/Cs were placed at twenty different axial positions, the insulation was divided into three azimuthal
sections and twenty axial sections (total 60 sections).
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Figure 7-37 Thermal Conductance of the Insulation for Different Outer Wall Temperatures
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One interesting observation can be made from the figure. The '1', '2', '19' and '20' axial insulations have a
different trend versus temperature compared to the rest of the insulation sections ('3' to '18'). Since the
same material is used for insulation, the discrepancy in the behavior is mainly due to the uncertainty in
the axial conduction estimation rather than the difference in the insulation itself. Even by installing T/Cs
on the voltage taps improved the accuracy of the axial heat loss estimate, the heat flux calculations at
this position are not as reliable as for other positions. This can be observed by comparing '1' to '2' and
'20' to '19' insulation data, since as soon as the insulation moves further from the end of test section
(from '1' to '2' and from '20' to '19'), where the axial heat loss is maximum due to the voltage taps, the
behavior gets closer to the rest of the insulation at different position. It can be observed that different
markers behave similarly, which means that the azimuthal dependency of the thermal conductance of the
insulation is minimal.
The thermal conductance data for insulation at locations '1' and '2' are essential for estimating the fluid
bulk temperature in the heated section and having large error in the first two nodes can lead to
significant misleading bulk temperature values. This is because the calculation of the bulk fluid
temperature is based on the energy balance at a given point with the information of bulk temperature
from previous point and therefore errors for calculating the radial heat loss in the first two points can
propagate to the following bulk temperatures throughout the whole heated section (Equation (7-8) and
Figure 7-33). To minimize the error in the first two nodes, the insulation '1' and '2' data will be
substituted by the '3' insulation data. In addition, the insulation '19' and '20' will be substituted by the '18'
data to calculate the total energy balance thoroughly. This will provide a better estimation of the heat
flux and the bulk temperature. However, the measurement of net amount of heat to the fluid is not
influenced much by the uncertainty of measuring the axial heat losses during the actual gas heat transfer
experiment. This is because the total axial heat losses are 1 to 3 % of the total power while the radial
heat losses are 10 to 30% of the total power. Thus, even considering the uncertainties of the axial heat
losses measurement, the impact is much smaller than the uncertainties of the radial heat losses
measurement.
From the insulation '3' to '18' behavior, most of the insulations respond linearly to the test section outer
wall temperature. When the test section outer wall temperature rises slightly higher than the maximum
calibration temperature for the insulation (wall temperature of 930K), the thermal conductance is
evaluated with an extrapolation based on a linear fitting of the data.
Figure 7-38 shows the uncertainty in the thermal conductance after the upgrade at six different average
wall temperatures. The reason the thermal conductance measurement has large uncertainty in the low
wall temperature range is due to a relatively increasing effect of the thermocouple temperature
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measurement uncertainty. Since the uncertainty of temperature measurement is fixed at ±1 t at the low
temperature difference between the outer wall and surface of primary insulation, the total measurement
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Figure 7-38 Uncertainty in the Insulation Thermal Conductance for Different Wall Temperature
In summary, this chapter described the data reduction process and the following uncertainty analysis
through preliminary test results. To determine the heat transfer coefficient reliably from the measured
raw data, MATLAB function was designed based on the equations provided in this chapter. Further
upgrades were suggested from the preliminary test and these were reflected during the data measurement.
Next chapter will present the reduced data from the measurement performed in the finalized
experimental facility, and the implication of the reduced data on the DTHT and the mixed convection

















8 Implication of Reduced Experimental Data
This chapter presents experimental data obtained using the upgraded loop facility. The chapter will be
divided into six sections. The first three sections show the experimental data for each gas: nitrogen,
helium and carbon dioxide. The fourth section will summarize the entire set of experimental data. The
last two sections discuss the validation of the data and present a newly proposed heat transfer map.
The data will be given in non-dimensionalized form obtained through the data reduction process
discussed in Chapter 7, except for few cases where the temperature profile itself can provide some
insight. Since the thermal conductance of the insulation locations '1', '2', '19' and '20' could not be
determined with sufficient accuracy due to uncertainties about the axial heat conduction from the heated
section to the power taps, these four data points are omitted from the presentation. However, the four
omitted data points are used for calculating the fluid bulk temperature and the heat balance. Hence, each
case provides 16 Nusselt numbers along the channel. All the data presented here were obtained using the
15.7mm small diameter test section with compressor driven forced circulation. Even though the loop
was designed to operate with the larger diameter (-32mm) test section and naturally circulating flow
loop, the small diameter test section with forced flow was sufficient to generate the necessary operating
conditions to cover all desired heat transfer regimes as will be shown in the following sections. The
natural circulation data will be discussed in Chapter 11. It should be noted that all the operating
conditions presented here were far from the thermodynamic critical point.
Before describing the experimental data, all operating conditions are first summarized in Table 8-1. Each
regime is defined as:
1. The laminar regime and mixed convection laminar regime are when the inlet Reynolds number
is smaller than 2300 (yellow color in Table 8-1).
2. The transition regime is when the inlet Reynolds number is higher than 2300 but the outlet
Reynolds number is lower than 2,300 (green in Table 8-1).
3. The turbulent regime is when both the inlet and outlet Reynolds numbers are above 2300 (light
blue in Table 8-1).
4. The deteriorated turbulent heat transfer (DTHT) regime is when both the inlet and outlet
Reynolds numbers are above 2300 and the reduction in the heat transfer coefficient is more than
20% compared to the forced turbulent heat transfer coefficient predicted from Equation (4-7)
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(red in Table 8-1).
TABLE 8-1 OPERATING CONDITIONS
winE p - piny - Em.in 3-
+I Run # I
I28 IHe
Gas P (MPa) Q (m3/sec)I q (W/m2) Inlet Re Inlet q' T/'b Inlet Bo' max K,
N2 0.33 5.19E- 7987 9046 0.002122 1.40-1.11 9.50E-07 1.11E-06
N2 0.5 5.66E- 13940 14359 0.002446 1.52-1.16 7.72E-07 7.67E-07
N2 0.53 5.66E- 7485 15232 0.001277 1.29-1.11 3.80E-07 3.66E-07
N2 0.14 1.04E-03 12121 7197 0.003581 1.64-1.08 5.07E-07 2.64E-06
N2 0.14 1.04E-03 7855 7175 0.002509 1.44-1.08 3.46E-07 1.73E-06
N2 0.13 8.50E- 8220 5538 0.002889 1.52-1.14 8.07E-07 3.01E-06
N2 0.13 8.50E- 5919 5334 0.002347 1.40-1.06 6.22E-07 2.34E-06
N2 0.13 2.83E-03 5095 18470 0.000736 1.17-1.07 8.OOE-09 1.68E-07
N2 0.13 1.04E-03 10640 7025 0.003245 1.58-1.07 4.88E-07 2.43E-06
N2 0.17 2.88E-03 3051 23619 0.000337 1.09-1.03 3.OOE-09 6.OOE-08
N2 0.17 1.46E-03 3161 12352 0.000636 1.14-1.05 3.20E-08 2.28E-07
N2 0.17 2.60E-03 5014 21704 0.0006 1.15-1.06 7.OOE-09 1.16E-07
N2 0.17 2.27E-03 5067 18768 0.000693 1.11-4.07 1.20E-08 1.57E-07
N2 0.59 5.66E- 11282 16895 0.001696 1.40-1.15 4.92E-07 4.42E-07
N2 0.59 5.66E- 15742 16767 0.002356 1.54-1.19 6.97E-07 6.26E-07
N2 0.59 5.66E- 21040 16806 0.003098 1.71-1.17 9.21E-07 8.31E-07
N2 0.57 4.25E- 17043 11887 0.003271 1.78-1.13 2.15E-06 1.34E-06
N2 0.58 3.30E- 12119 10023 0.002509 1.73-1.20 3.06E-06 1.35E-06
N2 0.58 2.36E- 9341 7563 0.002398 1.74-1.18 6.06E-06 1.82E-06
N2 0.58 2.36E- 6552 7534 0.001723 1.60-1.13 4.35E-06 1.29E-06
He 0.17 2.88E-03 2141 3184 0.000314 1.05-1.02 7.OOE-09 4.17E-07
He 0.18 2.88E-03 4200 3196 0.00061 1.10-1.03 1.40E-08 8.11E-07
He 0.18 2.88E-03 8313 3235 0.001178 1.19-1.07 2.70E-08 1.57E-06
He 0.18 2.93E-03 11047 3302 0.001516 1.24-1.08 3.30E-08 2.OOE-06
He 0.18 2.83E-03 14401 3205 0.002009 1.29-1.10 4.80E-08 2.76E-06
He 0.18 2.93E-03 20512 3381 0.002677 1.41-1.14 5.50E-08 3.52E-06
He 0.18 2.93E-03 24814 3413 0.003193 1.48-1.16 6.50E-08 4.18E-06
0.19 1.60E-03 17346 1894 0.003876 1.41-1.05 3.57E-07 9.48E-06
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, , 1 ,
1 29 1 He 10.19 11.60E-031 11778 2001 10.002543 11.31~1.111 2.15E-07 5.79E-06
1 30 1 He 0.18 1.60E-03 7617 1817 0.001807 1.24-1.08 1.79E-07 4.54E-06
He 0.4 1.75E-03 7502 4383 0.000814 1.13-1.05 4.20E-08 7.68E-07
He 0.4 1.75E-03 19270 4434 0.00201 1.32-1.12 1.04E-07 1.92E-06
He 0.4 1.75E-03 27944 4516 0.002787 1.44-1.16 1.36E-07 2.69E-06
He 0.39 1.18E-03 20810 2889 0.003143 1.42~1.15 4.34E-07 4.88E-06
He 0.38 1.18E-03 15741 2833 0.002453 1.34-1.12 3.38E-07 3.85E-06
C02 0.13 2.83E-03 10740 33461 0.000609 1.31-1.13 1.10E-08 8.30E-08
C02 0.13 1.93E-03 11200 22916 0.000903 1.40-1.17 4.1OE-08 1.81E-07
C02 0.14 2.50E-03 10812 31282 0.000656 1.32-1.14 1.50E-08 9.60E-08
C02 0.14 1.65E-03 11300 21339 0.000971 1.41-1.16 5.70E-08 2.1OE-07
C02 0.14 1.32E-03 11626 17015 0.001222 1.48-1.14 1.28E-07 3.37E-07
C02 0.14 1.27E-03 20776 16382 0.002224 1.74-1.09 2.46E-07 6.55E-07
C02 0.14 9.91E- 16670 12930 0.002197 1.70-1.07 4.91E-07 8.25E-07
C02 0.26 1.75E-03 22012 42691 0.000996 1.49-1.22 3.70E-08 1.08E-07
C02 0.26 9.91E- 19270 24316 0.001464 1.59-1.17 2.18E-07 2.83E-07
C02 0.26 5.19E-0 16782 12832 0.002234 1.73-1.06 1.73E-06 8.47E-07
C02 0.55 5.19E-0 28359 28333 0.001887 1.76-1.15 9.21E-07 3.13E-07
C02 0.53 5.66E-0 10891 28518 0.000733 1.36-1.15 3.57E-07 1.17E-07
C02 0.52 5.66E-0 20005 28075 0.001355 1.61-1.20 6.62E-07 2.26E-07
C02 0.52 4.25E- 15840 20933 0.001395 1.61-1.18 1.44E-06 3.13E-07
C02 0.52 4.25E-0 20921 20757 0.001837 1.76-1.16 1.77E-06 4.18E-07
C02 0.52 3.78E- 18372 19208 0.001731 1.72-1.16 2.07E-06 4.25E-07
C02 0.53 3.30E-0 17593 17265 0.00178 1.78-1.15 2.95E-06 4.94E-07
C02 0.57 2.83E- 13789 16548 0.00146 1.69-1.16 3.36E-06 4.21E-07
C02 0.57 2.83E- 15248 16658 0.001528 1.75-1.25 3.66E-06 4.60E-07
C02 0.66 1.89E- 11379 12545 0.001408 1.85-1.23 9.80E-06 6.06E-07
C02 0.65 1.89E- 7642 12089 0.00098 1.68-1.16 7.22E-06 4.36E-07
C02 0.67 1.89E-0 11614 12249 0.001436 1.88-1.25 1.11E-05 6.49E-07
C02 0.58 2.83E- 12816 14791 0.001372 1.83-1.22 4.71E-06 4.91E-07
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8.1 Nitrogen Data (Cases I through 20)
Table 8-2 briefly summarizes the operating conditions for the nitrogen data.
TABLE 8-2 SUMMARY OF NITROGEN RuNs
Total number of Runs 20
Pressure Range 0.13 - 0.59 MPa
Power Range 291 - 1989 W
Volumetric Flow Rate Range 0.24 - 2.88X 10-3 m3/sec
Inlet Temperature -302 K
Inlet Re Range 5300 - 23,600
Inlet q* Range 0.0003 - 0.0036
Inlet Bo* Range 3X 109- 6X 10-6
Inlet K, Range 6X 10~-3X 10-6
Table 8-2 shows that the nitrogen runs are all in the turbulent flow heat transfer regime and some high
heat fluxes cases are in the DTHT regime, since the buoyancy and acceleration parameters were clearly
above or near the threshold indicated by McEligot and Jackson's work (2004). Runs 4, 6 and 17 through
20 are the runs that operated in the DTHT regime, while the rest of the Nitrogen runs were in the normal
turbulent flow regime.
Figure 8-1 plots the measured Nusselt number versus the Reynolds number for all the nitrogen runs.
Arrows are provided to indicate how the Nusselt number changed from the inlet to the outlet. The data
points for the same case are connected with a line. Most of the nitrogen data agreed well with the
Nusselt number predicted by the Gnielinski correlation. However, significant heat transfer deterioration
is exhibited at a Reynolds number of about 10,000 and lower, which is well above the laminar-to-
turbulent transition value of 2300. As described in Chapter 3, the Reynolds number, buoyancy parameter
and acceleration parameter all decrease from the gas inlet to outlet due to its thermal properties
dependence on the temperature change. It should be noted that since the Gnielinski correlation reflects
the thermal developing length effect, even for the same Reynolds number, multiple Nusselt numbers can











------- min &max Re
0104
2300 3094 10 23272
Re
Figure 8-1 Nitrogen Nusselt Number vs. Reynolds Number
Before starting discussion of which effect is responsible for inducing the DTHT, values for each
threshold need to be revised to compare the effects consistently. The acceleration parameter threshold is
set when turbulent flow becomes fully laminarized and the heat transfer coefficient decreases from the
turbulent flow value to the laminar flow value [McEligot and Jackson, 2004]. The minimum reduction in
fully acceleration driven DTHT can be calculated by taking the ratio of the laminar Nusselt number for
constant wall heat flux (Nu=4.364) to the turbulent Nusselt number at the Reynolds number of 2300
(Nu=7.211 at Pr=0.7 from Gnielinski correlation, Equation (4-7). This yields 4.364/7.211=0.605.
Therefore, the minimum reduction, when the acceleration parameter exceeded the threshold, is
approximately 40%.
In contrast, the buoyancy parameter threshold is typically set at a point where the measured Nusselt
number is reduced from the forced convection turbulent flow Nusselt number by 5% (Bo*-6x 10)
[Jackson et al., 1989; McEligot and Jackson, 20041. The buoyancy and acceleration effects are not
treated consistently in the literature as acceleration is considered to have a higher impact (at 40%) on
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heat transfer reduction while buoyancy driven reduction of only 5% is considered significant. Moreover,
the uncertainty of even the well known forced convection correlations is about 20% [Gnielinski, 1976].
Therefore, it is suggested that the threshold at which buoyancy driven laminarization is considered
significant be increased, so that the effect is on par with the acceleration effect. This is more consistent,
and it overcomes the uncertainties of forced convection correlations.
To have a buoyancy threshold comparable to the acceleration threshold, the buoyancy threshold is
redefined as the buoyancy number that gives the same fractional reduction of the Nusselt number
compared to the acceleration threshold. This can be calculated using Jackson's heat transfer correlation
[Jackson et al., 1989]. Since the buoyancy parameter developed by Hall and Jackson has been adopted in
this work, and the heat transfer correlation presented in [Jackson et al., 1989] is based on their studies,





A 40% reduction in the Nusselt number can be obtained by setting the ratio Nujacson/NuF=0.6 in
Equation (8-1) and solving for the equivalent buoyancy parameter threshold of Bo*~-3X 10-6. Therefore,
Bo*~3X 10-6 will be taken as a buoyancy DTHT threshold and used for comparing the relative strength
of the buoyancy effect versus the acceleration effect. Bo*~-3X 106 will be denoted as "Equivalent"
threshold and Bo*~6X 10-7 will be denoted as "Ref." threshold. Figure 8-2 and Figure 8-3 plot the
temperature profiles of the two DTHT runs of interest together with the normal forced turbulent heat
transfer runs. The selected runs for comparison purposes are numbered 6, 7, 16 and 17, and were chosen
so that the operating pressure be nearly the same between Run 6, 7 and 16, 17.
In Figure 8-2, dotted line, which is indicated as TwG in the legend, is the predicted wall temperature
using the Gnielinski correlation for the turbulent heat transfer. The measured wall temperature of Run 6
is significantly higher than the predicted wall temperature (maximum difference is 98.2'C). If the
measured and the predicted wall temperatures are compared for Run 6 to those of Run 7, we find Run 6
was operating in the DTHT regime with significant reduction in the heat transfer coefficient. Run 6
operated at K,,.-3X10-6 and Bo*,~8. 1X10-7 (see Table 8-1). Considering the previous discussion on
determination of the equivalent buoyancy threshold (Bo*~-3X 106), the deterioration of heat transfer
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Figure 8-2 Case 6 and 7 Wall, Bulk and Predicted Temperature Profiles
In Figure 8-3, again the dotted line (TG) is the predicted wall temperature using the Gnielinski
correlation. The measured wall temperature of Run 17 is significantly higher than the predicted wall
temperature (maximum difference is 199.2*C). Such a large difference between measured and predicted
wall temperatures of Run 17 in comparison to Run 16 is a consequence of a significant reduction in the
heat transfer coefficient of Run 17. Thus, Run 17 was operating at the DTHT regime. Since Run 17 had
a larger Bo number, Bo*,~2.1 X 10~6 (-70% of the equivalent threshold Bo*-3 X 10~6) than Kvn ~1.3 X 10-6
(-40% of the threshold K,-3X 10-6), this deterioration is likely caused by the buoyancy effect.
An interesting observation that can be made from Figure 8-2 and Figure 8-3. The wall temperature
profiles during the acceleration induced DTHT and the buoyancy induced DTHT differ from each other.
The acceleration effect driven DTHT gradually laminarizes the turbulent flow downstream until the heat
transfer coefficient reaches the value of laminar heat transfer coefficient at the end of the test section,
while the buoyancy effect driven DTHT exhibits maximum deterioration in the middle of the channel.
Since the buoyancy parameter decreases along the channel for the heated gas flow, the buoyancy effect
is decreasing along the channel. After a certain reduction of the buoyancy force occurs, the flow regains
its turbulent intensity and returns back to the normal turbulent flow. To describe this phenomenon in
buoyancy-driven mixed convection flow in a heated channel, the term "re-turbulization" is adopted of
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Figure 8-3 Case 16 and 17 Wall, Bulk and Predicted Temperature Profiles
Figure 8-4 and Figure 8-5 show the ratios of measured to predicted Nusselt numbers using the
Gnielinski correlation versus the buoyancy and acceleration parameters, respectively. Both the buoyancy
induced DTHT thresholds, the McEligot and Jackson [2004] threshold and the equivalent threshold, are
shown in Figure 8-4 while Figure 8-5 shows the acceleration induced DTHT threshold from [McEligot
and Jackson, 2004]. These figures confirm that six DTHT runs (Runs 4, 6 and 17 through 20 as indicated
in the figures) operated in the DTHT regime due to either high acceleration effect or buoyancy effect.
The maximum reduction in the local heat transfer coefficient compared to the Gnielinski correlation is
76% (Run 20). Also, it is noted that neither the buoyancy nor acceleration parameters based on local
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Figure 8-5 Nitrogen data in Nu Ratio-Kv plot
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Figure 8-6 plots the inlet buoyancy parameter and acceleration parameter for all the DTHT runs with
nitrogen and shows the [McEligot and Jackson, 2004] and equivalent thresholds for each parameter. The
run numbers indicated in Table 8-1 are used to show which runs are in the DTHT regime. It can be
concluded that two runs (Runs 4 and 6) were operating at the DTHT regime driven primarily by the flow
acceleration, while the remaining runs (Runs 17 through 20) were primarily driven by the buoyancy
force. This is because Runs 4 and 6 are closer to the acceleration effect threshold than to the equivalent
buoyancy effect threshold, and other runs have the opposite trend. In addition, from the discussion in
Chapter 3, it is shown that when the gas is pressurized the buoyancy effect becomes stronger than the
acceleration effect. Thus, the observation seems reasonable. In other words, no interference between the
buoyancy effect and the acceleration effect was observed. Figure 8-4 and Figure 8-5 show that using the
local buoyancy number and local acceleration number can be ambiguous for determining the dominant
physical effect, while inlet values can successfully demarcate buoyancy driven and acceleration driven
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Figure 8-6 Map of DTHT Runs for Nitrogen case: Inlet Acceleration Parameter vs. Inlet Buoyancy
Parameter
To summarize the nitrogen runs, the following can be stated:
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I. Nitrogen forced convection turbulent heat transfer data confirmed that the facility produced
reliable data having very close agreement with the well-established Gnielinski correlation. This
validated correct operation of the facility and instrumentation.
2. Six cases operated at the DTHT regime, 2 cases operated at the DTHT regime due to the
acceleration effect and 4 cases were due to the buoyancy effect.
3. Inlet buoyancy and acceleration parameters explain the data better than the local conditions,
which indicates the threshold for the DTHT regime should be set with the inlet values.
8.2 Helium Data
Table 8-3 briefly summarizes operating conditions for the helium data.
TABLE 8-3 SUMMARY OF HELIUM RUNS
Total number of Runs 15
Pressure Range 0.17 - 0.40 MPa
Power Range 200 - 2630 W
Volumetric Flow Rate Range 1.17 - 2.88X 10-3 m3/sec
Inlet Temperature -304 K
Inlet Re Range 1,800 - 4,500
Inlet q* Range 0.0003 - 0.0039
Inlet Bo* Range 7X 10- -- 4X 107
Inlet K, Range 4X10-7 - 5X10-6
Table 8-3 shows that the helium runs have a potential for covering the laminar, mixed convection
laminar, transition between laminar and turbulent, turbulent and acceleration driven DTHT regime.
Figure 8-7 presents the helium runs in the Nusselt number vs. Reynolds number plot. The Gnielinski
correlation (Equation (4-7)) and the forced convection laminar correlation (Equation (4-2)) were used to
show the predicted forced Nusselt number in both regimes. However, it is important to note that the
Gnielinski correlation range does not extend below local Reynolds number of 2300. But even if the local
Reynolds number is lower than 2300 still the Gnielinski correlation was used to predict the Nusselt
number if the inlet local Reynolds number is higher than 2300. This scheme is applied to have
continuous heat transfer coefficient in single channel.
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Figure 8-7 Helium data in Nu-Re plot
Runs 28 through 30 are in the mixed convection laminar flow regime, Runs 25 through 27 and 34
through 35 were in the transition regime, Runs 21 through 24 and 31 through 32 were in the turbulent
regime and finally Run 33 was in the DTHT regime. Figure 8-7 also shows that significant heating in the
laminar flow regime (inlet Reynolds number below 2300) can enhance the heat transfer capability of the
gas.
Figure 8-8 and Figure 8-9 show the ratio of the measured Nusselt number to the Nusselt number
predicted by the Gnielinski correlation versus the buoyancy parameter and the acceleration parameter.
Three regimes presented in the figures involve turbulent, DTHT and transition regimes. Again [McEligot
and Jackson, 2004] and equivalent thresholds are also shown in the figures. The DTHT run was due to










Figure 8-9 Helium data in Nu Ratio-Ky plot
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Bo
Figure 8-8 Helium data in Nu Ratio-Bo* plot
An interesting phenomenon is that, even though several runs in the transition flow category have
stronger acceleration effect than the DTHT run, the heat transfer coefficient is not deteriorated. One
possible explanation is in the application of the transition criteria discussed in [Lee et al., 2005 a-c].
Since there is a possibility of having laminar to turbulent transition beginning earlier than the Reynolds
number of 2,300 in the heated flow where the heating causes instability of the stable flow [Lee et al.,
2005 a-c], this "turbulization" process can become stronger than the acceleration-driven "laminarization"
process. As turbulence is generated from the velocity gradient, a steeper gradient between the wall and
the peaks of the double-hump velocity profile typical for highly heated flow can create a strong flow
instability, enough to maintain the turbulence in spite of the strong stream-wise acceleration effect. The
enhancement of the heat transfer coefficient in the transition regime, when compared to the Gnielinski
correlation, follows the increase of the buoyancy parameter and supports this hypothesis, as can be
observed in Figure 8-8.
The figures also show that the measured value of the helium turbulent forced heat transfer coefficient is
highest above the Gnielinski correlation prediction when both the buoyancy effect and the acceleration
effect are small. This was an unexpected result, and more data is needed to check the reproducibility of
the data and identify what physical phenomena are behind this unexpected increase.
Figure 8-10 shows the correlation between the non-dimensional number (Grq/Re2) that was selected in
Chapter 4 and the ratio of the measured Nusselt number to the predicted Nusselt number by laminar
flow heat transfer (Equation (4-2)) correlation. It can be observed from Figure 8-10 that the ratio of the
measured Nusselt number to the Nusselt number predicted by forced convection laminar correlation
correlates well with the Grq/Re2 parameter. The enhancement is due to the buoyancy force, which drives
a steeper wall velocity gradient and enhances the heat transfer process. However, to verify if the flow is
truly laminar or not, information about the velocity and temperature profiles of the flow is required.
To summarize the helium runs:
1. The helium runs covered mixed laminar, transition, turbulent and DTHT regimes together.
2. The DTHT regime was due to the acceleration effect.
3. An unexpected behavior in the transition regime was observed and more investigation is needed
to understand the physics behind it.
4. Laminar heat transfer was enhanced due to the buoyancy effect, and the selected non-










Figure 8-10 Helium Laminar Nusselt Number Ratio vs. Laminar Buoyancy Parameter
8.3 Carbon Dioxide Data
Table 8-4 briefly summarizes the operating condition for the carbon dioxide data.
TABLE 8-4 SUMMARY OF CARBON DIOXIDE RuNs
10-2
Total number of Runs 23
Pressure Range 0.13 -0.67 MPa
Power Range 720 - 2690 W
Volumetric Flow Rate Range 0.19 - 2.83X 10- m3/sec
Inlet Temperature -303 K
Inlet Re Range 12,000 - 42,700
Inlet q* Range 0.0006 - 0.0022
Inlet Bo* Range 1X10~- IX10-1
Inlet K, Range 8X 10- - 8.5X 10-7
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10-3
The carbon dioxide runs operated in the forced turbulent and buoyancy induced DTHT regime, as shown
in Table 8-4. Figure 8-11 presents the carbon dioxide data versus the Reynolds number. Runs 52 through




Figure 8-11 Carbon Dioxide data in Nu-Re plot
Figure 8-12 and Figure 8-13 show that the entire set of DTHT regime runs with the carbon dioxide are
due to the buoyancy effect. A new phenomenon that was not fully covered in the nitrogen runs was
found in the carbon dioxide runs. The temperature profiles of "re-turbulization" and non re-turbulizing
flows are shown in Figure 8-14 and Figure 8-15, respectively. Runs 50 (inlet Bo -~ 1.77X 10-) and 52
(inlet Bo*~ 2.95X 10-) are compared to show the impact of re-turbulizing flow on wall temperature and
Runs 50 and 57 (inlet Bo' - 1.11 X 10-) are compared to illustrate the wall temperature for non re-
turbulizing flow. The location of the wall temperature peak in Figure 8-14 corresponds to the point
where the heat transfer deterioration due to buoyancy-driven laminarization is the strongest. However,
returbulizing flow shows that flow laminarization could not be maintained, and the flow became
turbulent again resulting in a wall temperature reduction. Comparing Figure 8-14 to Figure 8-15, it can
be concluded that as the inlet buoyancy parameter increases the wall temperature peak moves down
stream in the channel. Even though some of the carbon dioxide runs show more than 20% larger values
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and the uncertainty of data which were utilized for correlating the Gnielinski correlation, the
enhancements are not anomalous like the helium runs, since the enhancements are at most 30% while
the helium runs show 40-70%.
To summarize the carbon dioxide runs:
1. Carbon dioxide runs were operated at the turbulent and the buoyancy induced DTHT regime.
2. Seven carbon dioxide runs were operated in the DTHT regime.
3. New regimes were observed in the buoyancy induced DTHT, which are the "re-turbulizing"
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Figure 8-13 Carbon Dioxide data in Nu Ratio-Kv plot
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Figure 8-15 Temperature Profile of non Re-turbulizing Flow (Carbon Dioxide Runs 50 and 57)
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8.4 Data Summary
This section summarizes all the data presented in the last three sections. Table 8-5 presents all the
experimental runs. Four operating flow regimes were observed: mixed convection laminar, transition
from laminar to turbulent, turbulent, the buoyancy induced DTHT, and the acceleration induced DTHT
regimes. Table 8-6 summarizes the run numbers for each regime. This can be also found in more detail
in Table 8-1.
TABLE 8-5 SUMMARY OF ALL THE EXPERIMENTAL RuNs
All N2  He CO2
Total number of Runs 58 (N2, He, C0 2) 20 15 23
Pressure Range (MPa) 0.13 - 0.67 0.13 -0.59 0.17 - 0.40 0.13 - 0.67
Power Range (W) 200- 2690 291-1989 200-2630 720 -2690
Volumetric Flow Rate
0.19 - 2.88X10-3  0.24- 2.88X10~3 1.17- 2.88X10~3 0.19 -2.83X10-3
Range (m3/sec)
Inlet Temperature (K) 302 - 304 -302 -304 ~303
Inlet Re Range 1800 - 42,700 5300 - 23,600 1800-4,500 12,000 - 42,700
Inlet q* Range 0.0003 - 0.0039 0.0003 - 0.0036 0.0003 - 0.0039 0.0006 - 0.0022
InletBo*Range 3X10-9 - X10-5  3X10- 9-6X10- 6 7X10-9 -4X10- 7  1X10- 1X10 5
InletK, Range 6X 0--5X10 6 6X10--3X10 6 4X10 7 - 5X10 8X10 - 8.5X10 7
TABLE 8-6 RUN NUMBER FOR EACH REGIME
Heat Transfer Regime Case # Total
Mixed Convection Laminar 28 - 30 3
Transition from Laminar to Turbulent 25-27, 34, 35 5
Buoyancy Induced DTHT 17-20, 52-58 11
Acceleration Induced DTHT 4, 6, 33 3
Turbulent Heat Transfer Remaining Cases 36
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Figure 8-16 depicts the local Nusselt number versus Reynolds number along with the Gnielinski
correlation (Equation (4-7)) and the laminar correlation (Equation (4-2)) predictions. As mentioned in
the nitrogen experimental data summary, even though the Gnielinski correlation is valid only above the
local Reynolds number of 2300, the correlation is used for the case when the inlet Reynolds number is
higher than 2300 regardless of the local Reynolds number.
954 2300
Re
Figure 8-16 Summary of all data in Nu-Re plot
Figure 8-17 and Figure 8-18 show the ratio of the measured Nusselt number to the predicted Nusselt
number by the Gnielinski correlation versus the buoyancy parameter and acceleration parameter. The
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Figure 8-18 Nusselt Number Ratio vs. Acceleration Parameter
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The nitrogen data and carbon dioxide data indicate that the buoyancy induced DTHT regime can exhibit
two temperature profile trends and may need to be further divided into "re-turbulizing" and "non re-
turbulizing" regimes. If the buoyancy induced DTHT is further divided into these two sub-regimes, the
boundary between the two can be decided, as seen in Figure 8-19, by an inlet buoyancy number that
leads to maximum heat transfer reduction. Bo,,~ 3.5 X 10- is identified from Figure 8-19 as a boundary
between the re-turbulizing flow and non re-turbulizing flow. The re-turbulized runs are defined as when
the maximum reduction occurred in the middle of the test section (LID ~ 60), and the non re-turbulized
flows are defined as when the maximum reduction occurred near the outlet of the test section (L/D ~
110). The threshold of the buoyancy induced DTHT regime also shifted from Bo*,, ~ 3X 10-
("Equivalent" threshold) to Bo*, ~ 2X 10 ("New" threshold) in Figure 8-19, to have a better correlation















Figure 8-19 Location of Maximum Reduction vs. Inlet Buoyancy Parameter (Shows both Nitrogen and
Carbon Dioxide Runs Together)
Figure 8-20 is a plot of normal turbulent and DTHT runs in the inlet buoyancy number and the
acceleration number space. The figure also shows the original threshold value indicated in [McEligot
and Jackson, 2004] and the new thresholds identified from the experimental data obtained at our









DTHT should also be shifted from K, ~ 3X 10- ("Ref.") to K,;M ~ 2.5X 106 ("New") in order to reflect
the gas heat transfer data better, which is similar to the buoyancy driven DTHT case. Table 8-7








Figure 8-20 Inlet Acceleration Parameter vs. Inlet Buoyancy Parameter for Three Gases and Minimum
Channel Reynolds Number Larger than 2300
TABLE 8-7 THRESHOLD VALUES FOR EACH REGIME ON INLET PARAMETERS
Heat Transfer Regime "Ref." "New"
Acceleration Induced DTHT K,= 3X1O~* K,;.= 2.5X10-
Buoyancy Induced DTHT Bo*= 6X 10~7  Bo*;= 6X 107
Re-turbulization Boundary N/A Bo'in= 3.5X 10-
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8.5 Validity and Uncertainty Analysis of Experimental Data
Checking the data validity and quantification of the uncertainty in the derived parameters are essential in
any experimental study. This is especially important for low flow rate small heat flux runs, which exhibit
high wall temperatures and necessitate accurate heat loss determination. A fundamental validity check
can be made by comparing the heat balance between the added heat input and gas enthalpy rise, and the
uncertainty analysis.
Figure 8-21 shows the heat balance difference and the maximum reduction in the Nusselt number as a
function of the inlet Reynolds number. The heat balance difference (HBD) is defined as the normalized
difference between the heat input to the gas flow, which is calculated from the power input and
measured heat losses, and the flow rate multiplied by enthalpy difference between the inlet and outlet,
determined from temperatures measured by the inlet and outlet flow thermocouples. The figure also
gives the maximum reduction, defined as the percentage reduction in the measured Nusselt number as
compared to the appropriate correlation. The Gnielinski correlation or the laminar flow correlation is
used for turbulent and laminar flow, respectively. As shown in the previous section, the mixed
convection in laminar flow, and for some turbulent flow runs having low Reynolds number, showed an
enhancement over the correlation. In these cases, the maximum reduction is not shown on Figure 8-21.
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Figure 8-21 Heat Balance and Maximum Reduction in Nusselt Number
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Since the Gnielinski correlation is reported to have 20% uncertainty [Gnielinski, 1976], the maximum
reduction below 20% cannot be interpreted as the turbulent heat transfer reduction. Figure 8-21 shows
that when the maximum reduction is significant the power error is also large. This is because the outlet
flow thermocouple measures the temperature near the centerline, so when the flow laminarizes the
centerline temperature is much smaller than the bulk temperature due to its inverse parabolic profile.
This could be also confirmed by observing some of the DTHT runs that have higher inlet temperature
into the heat exchanger than the test section outlet temperature even though there is some heat loss
through the insulation of the 4m-tall chimney section. When the gas flow is laminarized, the test section
outlet thermocouple measures the centerline temperature of the inverse parabolic temperature profile,
which is smaller than the bulk (or average flow) temperature. Since the heat exchanger thermocouple
measured the fully mixed temperature, it becomes higher than the test section outlet temperature.
This indicates that the heat balance difference in the DTHT runs is not only due to the measurement
device uncertainties but is also due to the characteristics of the DTHT regime. Also, when the forced
convection has the same inlet Reynolds number as a DTHT case, the heat balance difference is below
10%, which reconfirms that the flow measurement and power measurement devices operated reliably.
An approach to reduce the heat balance difference when operation falls into the DTHT regime would be
to install an effective mixer after the test section outlet, and to measure the temperature of fully mixed
gas. However, this would lead to a higher pressure drop in the loop and impair the natural circulation
operation. It is noted that all the data presented here were taken with nominally forced flow by using the
compressor. The preservation of natural circulation capability of the loop is still important for
benchmarking a system code and an investigation of the effects of natural circulation coupling to the
DTHT regimes in the future. In addition, a traversing temperature probe installed at the outlet of the test
section can reduce the heat balance difference further, but since measuring the velocity profile is
necessary in order to measure the bulk temperature correctly, this solution can further complicate the
system also.
Figure 8-22 shows the maximum uncertainty of the measured Nusselt number for different inlet
Reynolds number runs for two cases: one with properties uncertainties accounted for and one without
considering properties uncertainties. The uncertainties are obtained by following the process described
in Chapter 5. Typically, uncertainties in gas properties are not included, but since the bulk temperature is
calculated using a heat balance, the uncertainties in gas thermo-physical properties, in particular in the
specific heat, can build up and become an important uncertainty source. Thus, the overall uncertainty
was calculated both including and excluding the thermo-physical properties uncertainties to identify
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Figure 8-22 Uncertainty of Experimental Measurement considering the properties uncertainty and
without considering the properties uncertainty vs. Inlet Re
Most of the uncertainty is below 10%. However, the low Reynolds number runs, which were performed
with helium, have higher uncertainty (up to 25%) than other runs and the thermo-physical properties
consideration does make differences due to the specific heat uncertainties build-up. This means that the
uncertainties of measurement devices are the major source of the total uncertainty most of time, but
some low Reynolds number runs are also appreciably affected by the gas properties uncertainties.
Relatively high uncertainty of some runs is caused by a small wall to bulk temperature difference in
these runs, in combination with the gas properties uncertainties. The small temperature difference
increases the weight of the wall and bulk temperature error terms in Equation (8-2). This is because the
thermocouple uncertainty, AT, is fixed (± 1K) and the denominators in the highlighted terms in Equation
(8-2) is reduced, increasing the relative uncertainty in the heat transfer coefficient measurement. To
mitigate this problem, T/Cs with smaller uncertainty (less than ± IK) would be necessary to lower the
total uncertainty for these tests. Figure 8-23 shows the inverse temperature difference versus inlet
Reynolds number, which clearly shows that the trend is similar to Figure 8-22.
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Figure 8-23 Inverse Temperature Difference of Wall and Bulk vs. Inlet Re
In conclusion, most nitrogen and carbon dioxide runs have low uncertainty (below 10%) and are thus
reliable data. But even helium data, which are difficult to obtain with high accuracy due to the small
wall minus bulk temperature difference (due to high helium conductivity) and small flow rates (due to
low density), have relatively low uncertainty with most of the runs below 15% and only one run
reaching 25%.
8.6 Newly Proposed Heat Transfer Map
The heat transfer regime map has been under continuous development by various researchers starting
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map will be updated with a newly derived non-dimensional number and thresholds for transition among
the heat transfer regimes, based on the data obtained in the experimental facility. The basic non-
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Figure 8-24 Heat Transfer Map for Heated Vertical Flow Adopted From [Metais & Eckert, 1964]
The thresholds for the acceleration driven DTHT and the buoyancy driven DTHT were given in Table
8-7. These thresholds can be translated into a relationship between q+ and Re using Equations (8-3) and
(8-4). Equation (8-4) is derived from rearrangement of the Grashof number shown in Equation (8-5).
K,, = 2.5 x10-6 => Re=1.6x106 q*
(8-3)
G r q ~ 1 0 61 
5+ 
0 .4 12 4
Bo, = x04- Re = 5x10 q*~
Re 3.425 Pr0 a8.2- 48
(8-4)
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It should be noted that there are different versions of the non-dimensional heat flux q', such as q",/GHb,
q",/GcTb and jSq",/Gc,. For an ideal gas assumption, these definitions are all the same but for a real gas
such as nitrogen or carbon dioxide, different definitions can result in differences in calculated values. In
the data reduction process and the correlation development process, the first definition was always used,
since it is directly the ratio of the wall heat flux to the flow enthalpy flux, which has a physical meaning
while the others are approximations to the first definition. Also when performing numerical calculations,
using the first definition allows one to skip one step making the calculations easier and faster, since the
bulk temperature is generally estimated from the mixing cup enthalpy.
The buoyancy effect threshold has another variable other than q* and Re, which is a new non-
dimensional number (gD3/a- .8). The new non-dimensional number is a function of temperature and
pressure, since the thermal diffusivity and the kinematic viscosity are gas properties, which vary with
inlet temperature and operating pressure. A rough estimate of the new non-dimensional number can be
derived, (Equation (8-6)), where gas properties are approximated with Equation (8-7).( 0.2 1.8
(8-6)
p -PT-',k -T 0 .8 , c- T~ , T0 .
7
(8-7)
In addition, when the (gD3/a.2 1 8) value is decreasing the area of buoyancy DTHT region decreases
also, and when the (gD3/a. 2 l- 8) value is less than 2.47Xi05 the buoyancy DTHT overlaps with the
acceleration DTHT completely. This indicates that, when the diameter and the pressure are small, the
acceleration effect is more pronounced mechanism that deteriorates the turbulent heat transfer as the
newly derived non-dimensional number is proportional to the diameter to the power of three and the
pressure to the power of two.
A sample heat transfer map is generated and shown in Figure 8-25. The "PGN" (Property Group
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Number) in the figure denotes the new non-dimensional number, (gD3/ao.2 V.8). Within the experimental
data, (gD3/a0 2 V18) value at inlet varies by on the order of 6000 to 2X 107 depending on the operating
pressure and the gas, and the effect of varying "PGN" is shown in the figure. However, the temperature
influence is not shown in the experiment, since the inlet temperature was kept nearly a constant. Also,
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Figure 8-25 Newly Proposed Heat Transfer Map
The newly proposed heat transfer regime map should be used with the inlet conditions, because all the
thresholds are proposed with the inlet buoyancy number and the inlet acceleration number. There is only
one map for a fixed operating pressure, inlet temperature and working fluid. However, to determine
which effect is responsible for causing the DTHT, it is recommended to use Figure 8-25 with a similar
diagram to Figure 8-20. This will eliminate the complexity of the buoyancy threshold line moving with
varying "PGN" group for different operating conditions.
Comparing Figure 8-25 to the map in Figure 2-16, there are some significant differences between these
two maps. First of all, Figure 2-16 covers only the buoyancy effect of the turbulent heat transfer regime
while the new map (Figure 8-25) covers the acceleration effect as well. This is because the Grashof (Gr)
number, which is the major variable on the x-axis of previous map (Figure 2-16), cannot reflect the
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acceleration effect directly. To cover the acceleration effect on the previous map would require
transformation of the Grashof number in a similar manner as the buoyancy parameter was transformed
in the newly proposed map.
Secondly, the previous map demarcates the boundary with the local Reynolds number and Grashof
number while the new map evaluates the boundary using the inlet Reynolds number and inlet non-
dimensional heat flux evaluated with the fluid bulk temperature. The motivation for the shift from the
local parameters to the channel inlet parameters was the observation of experimental data trends. If one
selects the inlet conditions for a boundary determination, the boundary between the normal turbulent
flow and DTHT regimes can be demarcated throughout the channel clearly (Figure 8-20). Therefore, the
experiments suggest that using inlet conditions as boundaries between different heat transfer regimes is a
more appropriate approach than using non-dimensional numbers evaluated at local conditions. This is
expected to hold not only within this experimental data set but also for a broader range of gas flow heat
transfer experiments since this is the nature of the gas DTHT, which is not just based on the specific
characteristics of the experimental facility.
Lastly, the free convection regime for either laminar or turbulent flow which exists in the previous map
is missing in the new map. In a laminar flow case, the buoyancy effect does not induce abrupt change in
the heat transfer coefficient compared to the DTHT regime, which can be also observed from the work
of others [Hallman, 1961]. Thus, drawing a clear line between the laminar and the mixed-laminar
regimes did not seem reasonable when comparing the characteristics of the DTHT boundaries to the
laminar mixed convection boundary. The free convection turbulent boundary is not shown in the new
map due to lack of gas experimental data. This is not surprising because the free convection cannot
easily develop in a relatively small diameter tube, such as used in this experimental facility (15.7mm).
Figure 8-26 shows the experimental conditions of the data collected in this work together with that from
literature sources. Even though there is a vast amount of experimental work related to the DTHT area
with supercritical fluid and liquid water, only three literature sources, which experimented with gas, are
selected for comparison due to the uniqueness of gas thermo-physical properties change with
temperature, as described in Chapter 3. In the figure, "Shehata" experimental data is from [Shehata and
McEligot, 1998], "Bankston" is from [Bankston, 1970] and "Kaupas" is from [Kaupas and Poskas,
1991]. It should be noted that the conditions shown in the figure are based on the inlet conditions. From
the analysis of [Mikielewicz et al., 2002] with the data presented in [Shehata and McEligot, 1998],
"Shehata" data experienced both buoyancy DTHT and acceleration DTHT, and this is also shown in the
figure. "Shehata" data focused more on measuring the velocity and temperature profiles during operation
in the DTHT regime rather than an obtaining the heat transfer coefficient, and three data points are
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collected at a larger inner diameter (27.4mm) facility with shorter L/D (-40) than our experimental
facility (ID=15.7mm, LD-110) presented here. "Bankston" data were obtained in the acceleration
DTHT regime since he used a smaller inner diameter test section (-3mm) and reduced "PGN" to have
very small or no buoyancy effect on the turbulent flow. This is shown in the heat transfer map (Figure
8-26) since smaller "PGN" means smaller buoyancy driven DTHT regime and this results in a large
portion of "Bankston" data falling in the acceleration DTHT regime. In contrast, "Kaupas" data were
obtained in the buoyancy driven DTHT since they used relatively large inner diameter (36.3mm) test
section to increase "PGN" resulting in a larger area of the buoyancy driven DTHT regime compared to
"Bankston" data. "Shehata" and "Kaupas" obtained their data with air at atmospheric pressure, and
"Bankston" utilized hydrogen and helium at atmospheric pressure.
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Figure 8-26 MIT Data and Data from Literature Sources on the Newly Proposed Map
Figure 8-27 and Figure 8-28 show the experimental conditions of the proposed heat transfer map. The
markers in Figure 8-27 and Figure 8-28 distinguish different heat transfer regimes and operating gases,
respectively. It is noted that the data outside the maximum PGN line (PGN=2X 107) are all normal
turbulent runs, and the data inside the line are potentially in the buoyancy induced DTHT since PGN is
different for each run due to the difference in operating pressure and the gas. For clearer demarcation
between the buoyancy induced DTHT and the acceleration induced DTHT, refer to Figure 8-20.
The limitations of the new heat transfer map are: (1) it can be used only for a gas flow (2) it should be
applied only for the upward heated flow, and (3) if the non-dimensional heat flux is outside this
experimental data set, caution is needed when applying the map.
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Figure 8-27 Experimental Points for Different Heat Transfer Regimes on the Newly Proposed Map
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This chapter is separated into two sections. First, the mixed convection laminar correlations will be
compared to the helium mixed convection data. Next, the DTHT correlations for the buoyancy effect
and the acceleration effect will be compared to the experimental data.
Before presenting the comparison of the correlations to the experimental data, two indicators to measure
the accuracy of the correlation to predict the experimental data will be defined. One is the R-square and
the other is the 20% indicator. The R-square is defined by Equation (9-1).
2 _ (NuEXP Nucoelon )2
(NuEXP -NuEXP ) 2
(9-1)
The 20% indicator is simply defined as the fraction of experimental data included within ±20% band of
the correlation. Therefore, a good fitting correlation will show both R-square and 20% indicator values
close to unity. Any negative value for R-square indicates that the predicted Nusselt numbers are either
higher or lower than the measured Nusselt numbers.
All comparison results will be depicted on a plot that has the x-axis as the predicted Nusselt number and
the y-axis as the measured Nusselt number. Therefore, a correlation with more points near the y=x line,
the better the performance of a correlation, making the value of the two indicators closer to unity. Also
when most of the points are on the upper side of y=x line the correlation under predicts the Nusselt
number, while when most points lie on the lower side the correlation overpredicts the Nusselt number.
9.1 Mixed Convection Laminar Correlations Comparison
This section will only compare the mixed convection laminar data to the correlation for mixed
convection laminar case (Equation (4-2), (4-15), (4-16), (4-17) and (4-19)). Equation (4-18) is not
compared since there is no carbon dioxide laminar heat transfer data. Subscript, "Laminar" refers to
Equation (4-2), "Hallman" to Equation (4-15), "Worsoe-schmidtl" to Equation (4-16), "Worsoe-
schmidt2" to Equation (4-17) and "Churchill" to Equation (4-19). Figure 9-1 to Figure 9-5 show the








































Figure 9-5 Experimental Nu vs. Churchill Correlation Predicted Nu
TABLE 9-1 MIXED CONVECTION LAMINAR CORRELATION FITNESS INDICATORS






Table 9-1 summarizes the two indicators for the above five correlations. The figures and Table 9-1 show
that the predictions using the mixed convection laminar correlations available in the literatures do not
satisfactorily predict the gas experimental data obtained at the loop. This is mainly because the selected
correlations were either based on water experiments, which do not necessarily yield a good fit the mixed
convection laminar 'gas' flow. However, it is surprising that the correlations of Worsoe-schmidt did not
fit the data even though the numerical analyses were performed with the gas properties and the data
were within the numerical analyses range. This may be due to the relatively higher uncertainty in helium
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measurements compared to the data from other gases (nitrogen and carbon dioxide) or the effect of
surface roughness that was not captured by numerical simulations.
9.2 DTHT Correlations Comparison
This section presents a comparison of the DTHT correlations against the experimental data. Table 9-2
summarizes the correlations tested together with equation numbers in Chapter 4 along with the
correlation implemented in RELAP5-3D. Correlation names in the first column will be used as Nusselt
number subscripts.
TABLE 9-2 TESTED CORRELATIONS WITH EQUATION NUMBERS
Figure 9-6 through Figure 9-19 present the comparisons. The Gnielinski correlation was just selected to
show how a forced convection correlation performs in the turbulent, DTHT and transition regimes
compared to the other correlations. It should be noted that only "RELAP5" correlation shows the
laminar result together since RELAP5-3D correlation set covers the laminar range also. However,
performance of RELAP5-3D correlation in mixed convection laminar regime is unsatisfactory (R-
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Figure 9-10 Experimental Nu vs. Petukhov & Polyakov Correlation Predicted Nu
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Figure 9-16 Experimental Nu vs. Symolon et al. Correlation Predicted Nu
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Figure 9-19 Experimental Nu vs. Taylor Correlation Predicted Nu
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Table 9-3 and Table 9-4 summarize the comparison to the experimental data in terms of the two
numerical indices of R-square and ±20% band for all the data and each heat transfer regime separately,
respectively. In the R-square table, values over 90% are highlighted with yellow and the best fitting
correlation for each regime is highlighted with light blue color. Similarly in the 20% band table, values
over 75% are highlighted with yellow and the correlation with the highest R-square values for each
regime is highlighted with light blue color.
TABLE 9-3 R-SQUARE VALUE FOR VARIOUS CORRELATIONS
Correlation All Turbulent Bo*-DTHT K,-DTHT Transition
RELAP5 0.9220 0.9357 -0.3509 0.6851
Gnielinski,avg 0.9275 0.9357 -0.1649 0.6785
Gnielinski,local 0.9005 0.8790 0.0434 0.6795 0.4982
Petukhov1 0.9207 0.9469 -0.5950 0.4710 0.6623
Petukhov2 0.8873 0.9489 -1.3321 -2.0029 -3.3808
Herbert 0.8527 0.8801 -1.0010 -0.9451 -7.4225
Jackson 0.9330 0.9326 0.0858 0.7098 0.6711
Parlatan 0.9260 0.9361 -0.2230 0.7144 0.6797
Vilemas 1 0.4917 0.2009 1 -0.4386 -0.4416 -0.0787
Celeta .920.7097
Symolon 0.15-.8558 0.4652 0.6718
McEligot 0.9082 0.8872 0.1416 0.6136 0.6434
Perkins 0.9376 0.9385 0.1333 0.6376 0.6336
Taylor 0.8780 0.8328 0.1828 0.6112 0.6089
Examining the figures and tables, the best correlation in terms of R-square is Celeta et al. correlation
followed by Jackson et al. correlation, which is the best correlation in terms of the 20% band indicator.
Surprisingly, both Celeta et al. and Jackson et al. correlations perform better in the acceleration driven
DTHT regime (see Table 9-3 and Table 9-4). However, the problem with Celeta et al. correlation is that
since the correlation was developed for a smaller maximum LID test section than the experimental
facility described here, the predicted Nusselt number is much smaller (even smaller than the forced
convection laminar Nusselt number 4.364) than the measured value at the buoyancy induced DTHT
regime when LID value is large (see Figure 9-15). The other reason is due to the characteristic of the gas
flow; the re-turbulizing cases cannot be captured with the water experiment. Therefore, Celeta et al.'s
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correlation can under predict the heat transfer coefficient in certain situations when it is applied to the
gas heat transfer.
TABLE 9-4 20% BAND VALUE FOR VARIOUS CORRELATIONS
Correlation All Turbulent Bo'-DTHT K-DTHT Transition
RELAP5 0.6956 0.8482 0.2216 0.6250 0.7083
Gnielinski,avg 0.6909 0.8482 0.2216 0.6250 0.6667
Gnielinski,local 0.5239 0.5946 0.2614 0.5313
Petukhovl 0.6739 0.8464 0.1705 0.4167 0.7188
Petukhov2 0.6114 0.1250 0.1250 0.0938
Herbert 0.5261 0.7554 0.1648 0.2292 0.0000
Jackson 0.8429 0.6250 0.6667
Parlatan 0.6898 0.8482 0.2159 0.6250 0.6667
Vilemas 0.3080 0.3429 0.0966 0.1875 0.5521
Celeta 0.6898 0.8196 0.2841 0.6250 0.7083
Symolon 0.6830 0.8625 0.1534 0.4167
McEligot 0.5739 0.6589 0.6042 0.5833
Perkins 0.6886 0.8464 0.2500 0.6250 0.6042
Taylor 0.4489 0.4661 0.2784 0.5417 0.6146
Most of the correlations over predict the Nusselt number in both acceleration and buoyancy driven
DTHT except for the Vilemas et al. and Celeta et al. correlations. This indicates that those correlations
cannot be applied for designing a gas heat transfer system, since they give non-conservative values of
heat transfer coefficient. However, Vilemas et al. correlation tends to under predict the heat transfer
coefficient too much, even for the turbulent heat transfer regime, the Vilemas et al. correlation poorly
fits the data compared to the other correlations.
Key points from the correlation comparison with the data is that since gas physical properties behavior
with temperature is different compared to liquids or super critical fluids, most of the DTHT correlations
that were fitted with liquids or super critical fluids tend to overpredict the Nusselt number, except for
Celeta et al. correlation. However, the Celeta et al. correlation underpredicts the heat transfer coefficient
for "re-turbulizing flow" due to the same reason why other correlations over predict. In addition, because
the Celeta et al. correlation involves wall temperature based properties for estimating the free convection
Nusselt number (Equation (4-28)), it is not an easy correlation to utilize for estimating the wall
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temperature.
Therefore, a new correlation that can successfully fit the gas DTHT regime with a reasonable agreement
to the turbulent, transition and laminar heat transfer data is necessary. In addition, the required wall
temperature information should be minimized to simplify the calculations.
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10 Correlation Development
This chapter will discuss the motivation for and performance of a newly developed set of correlations.
To enhance the user's flexibility in the choice of a correlation depending on the computational power and
specific engineering application, three correlation sets were developed. The first section will discuss the
basic ideas for developing each correlation. The second to fourth sections will describe three correlation
sets that were developed. The last two sections will show the correlation performance compared to the
experimental data, discuss the limitation of the correlation application and check how smooth the
correlation set is in the transition heat transfer regimes.
10.1 Correlation Development Criteria and Basic Ideas
The desired features for a new correlation are as follows:
1. It should reflect physical phenomena.
2. It should be simple and easy to apply to engineering calculations.
A. Most of the physical properties should be evaluated at bulk temperature.
B. Explicit form is preferred to minimize iterations.
3. It should cover all heat transfer regimes including the laminar, turbulent and DTHT as well as
mixed convection laminar regimes with a reasonable accuracy.
The major effect that changes the laminar heat transfer is the buoyancy effect. As explained in Chapter 4,
the buoyancy effect tends to cause a steeper velocity gradient near the wall resulting in an increased
laminar heat transfer. This is called laminar mixed-convection, since the forced and free convections are
"mixed" together in the laminar flow. The acceleration effect only laminarizes the turbulent flow and has
no effect on the laminar flow, thus the acceleration effect is not considered for the laminar flow case.
From the non-dimensional form of the Navier- Stokes equation, the main non-dimensional number that
measures the strength of the buoyancy effect is Grq/Re 2 (also called the Richardson number) for fixed
heat flux boundary condition.
Regarding correlation development for the DTHT regimes, the DTHT correlation should be branching
out from the forced convection correlation when certain criteria are met, as could be observed in the
trends of experimental data in Figure 10-1. The functional form for the DTHT regimes with such
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characteristics can be found by changing the constant in the Gnielinski correlation to a functional form
as demonstrated in Equation (10-1). This technique essentially uses the Gnielinski approach to fit the
data better, near the laminar to turbulent transition. However, the thermal developing length term
appearing in Eq. (4-7) was found to better fit the local heat transfer data, as shown in Table 9-3 and
Table 9-4.'
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' This implies that for the average Nusselt number value, one should use [1+3(x/D)-2 31 for including the
thermal entrance effect
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Figure 10-2 shows the example form of the modified Gnielinski correlation for different values of the
constant in the Gnielinski correlation. If F(X) is different from 1000 and can be correlated to a non-
dimensional number (X), which captures the key physical phenomena for a particular case, then the
predicted Nusselt number will behave similarly to the experimental data. Since major turbulent heat
transport deterioration in the current data is due to the buoyancy and acceleration effects, relevant non-






Figure 10-2 Trend of Gnielinski Correlation for Various Reynolds Shift Constants
Another important feature for the new correlation development is that the condition for determining each
regime (laminar, turbulent, DTHT and so forth) should be based on the inlet non-dimensional numbers
such as the Reynolds number, buoyancy and acceleration parameters. A similar approach for
determination of regime change based on the inlet condition can be found in the work of Vilemas et al.
(See Equation (4-27)). This is because the Reynolds number, and the buoyancy and acceleration
parameters all have maximum values at the inlet of the heated section for the gas flow, where these
effects are the strongest. This is demonstrated in Chapter 3. Therefore, the heat transfer regime is mainly
governed by the inlet values of the selected dimensionless numbers, and the correlation should be
chosen based on the same criteria. This scheme is also consistent with the developed heat transfer






However, since re-turbulization occurs in the middle of the channel and the slope of the Nusselt number
to the Reynolds number changes after the re-turbulization point (see Figure 10-3), the second re-
turbulization threshold has to be decided in terms of the local buoyancy parameter. This is because the
re-turbulization occurs when the flow starts to regain the turbulence downstream of a heated channel
where the buoyancy force decreases below a certain limit. Figure 10-3 shows the re-turbulizing cases
only. It can be seen that most of the cases begin to recover to the normal turbulent heat transfer after the
local buoyancy parameter decreases below Bo*~ 6X 10-. This condition will be used for developing the













Figure 10-3 2nd Threshold of Re-turbulization
The basic procedure for developing a correlation starts from correlating F(X) to a non-dimensional
number for each regime. Two functional forms are tested to minimize the number of coefficients to fit.
C, and C2 are the coefficients to be fitted with the experimental data, and X is the governing non-
dimensional number for each regime.





Since the governing non-dimensional numbers (the buoyancy and acceleration parameters) vary by
orders of magnitude while the function response is much smaller than the changes in non-dimensional
numbers, the power law and the logarithmic forms were chosen. These two functional forms have an
advantage over other functional forms, such as polynomial forms, as they accommodate large variation
of a variable to yield a small functional response.
10.2 Type-1 Correlation
After an extensive search and fitting procedure to identify C1 and C2 values that would correlate best
with the data for each heat transfer regime, a set of correlations that covers the forced convection
laminar, mixed-convection laminar, turbulent, acceleration driven DTHT, re-turbulizing buoyancy
driven DTHT and non-returbulizing buoyancy driven DTHT regimes was developed. All the non-
dimensional numbers are evaluated at bulk temperature.
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In the DTHT and laminar convection regimes few characteristics of the correlation should be discussed.
First, since the deteriorated turbulent heat transfer coefficient cannot be lower than the forced laminar
convection, the DTHT regime heat transfer coefficient is the maximum between the modified Gnielinski
correlation and the forced laminar convection correlation. This will provide a lower bound for the
correlation. The heat transfer correlation for the transition regime is not separately developed since it




For the laminar mixed-convection, the multiplication factor of the forced convection laminar correlation
was developed with the governing non-dimensional number of Grq/Re 2. The power and the leading
coefficients were also determined from the empirical curve fitting. The multiplication factor was the
maximum value between unity and the developed function to provide a lower bound to the correlation.
Therefore, the developed correlation can cover both the forced convection laminar and the mixed-
convection laminar at the same time. Figure 10-4 shows the performance of the Type-I correlation set.
Performance of Type-I correlation in terms of the two indicators will be presented later.
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Nu vs. Predicted Nu by Type I Correlation
The Type-l correlation still requires iteration on the wall temperature due to the Gnielinski properties
modification factor for gas ((TiTb)0*4 5 term) to predict a heat transfer coefficient. To eliminate the
iterations and simplify the correlation form, the Type-2 correlation set has been developed by using
(TTb)-O5 as the modification factor.
10.3 Type-2 Correlation
The term (T,/TJ 0 45 in the original Gnielinski form makes the prediction of heat transfer coefficient and
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the following wall temperature difficult, since it requires iteration on an unknown wall temperature. To
avoid iterations, correlations with (T,/Tb)-0 5 were developed. Equation (10-3) shows how to eliminate
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(10-3)
The friction factor that is used for the Gnielinski correlation is valid only for Re > 10,000 (Filonenko
correlation). Therefore, the friction factor needs to be reconsidered when the Gnielinski correlation is
applied to Re < 10,000. The Blasius friction factor is commonly used for lower Reynolds number
turbulent flow friction factor, which is valid for Re> 4000. Between Reynolds number 4000 and 2300
the friction factor will be estimated from the interpolation between the friction factor at 4000 with
Blasius correlation and the laminar friction factor at 2300.
The following set of correlations is the Type-2 correlation. The power law of the governing non-
dimensional numbers fitted better in the Type-1 correlation while the logarithmic function of the
governing non-dimensional number performed better in the Type-2 concept. Again the transition regime
was not separated and the laminar correlation is the same, since it is not affected by the properties
modification factor change.
If Rein : 2300 (Mixed Convection Laminar and Forced Convection Laminar)
NuTYPE2-Lamina= =max 1, 3.0 GR2 NuLamin
If K,,,, < 2.5X10~6, Bo*i,< 2X 106 and Rein > 2300 (Turbulent)
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If Re 10,000
f = (1.82 logO Re-1.64)-2 (Filonenko)
If 10,000 >Re 4000
f =0.314/Reo.25 (Blasius)
If 4000 > Re > 2300
f =0.012+6.86x 10- 6 Re (Linear interpolation between the laminar Friction Factor at Re
= 2300 and the Blasius friction factor at Re = 4000)
If 2300 > Re
f = 64/Re
The Type -2 correlation performance is shown in Figure 10-5. Even though the iteration is eliminated for
estimating a wall temperature, dividing the correlation into a set for many heat transfer regimes and
having separate correlation for each regime is still complicated for engineering applications. To simplify
the correlation form as much as possible, the Type-3 correlation has been developed, which is presented














Figure 10-5 Experimental Nu vs. Predicted Nu by Type2 Correlation
10.4 Type-3 Correlation
The Type-3 correlation utilizes a new non-dimensional number that can combine the acceleration effect
and the buoyancy effect together. The basic idea behind the new non-dimensional number is finding the
best ratio between the non-dimensional heat flux (q*) and the Reynolds number, since the acceleration
effect and the buoyancy effect can be expressed as a combination of both dimensionless numbers. The
new heat transfer map, which was presented in Chapter 8 and has q* and the Reynolds number as the
main variables, successfully separates the mixed convection laminar, normal turbulent, and both
acceleration and buoyancy driven DTHT regimes from each other. Therefore, finding one non-
dimensional number, that relates to a combination of q* and the Reynolds number, to simultaneously
capture both the acceleration and buoyancy effects is a reasonable approach to simplifying the
correlation form.
The resulting new non-dimensional number is q*/Re 44, which turned out to be the best ratio for
correlating the data. Figure 10-6 shows the experimental to predicted Nusselt number ratio versus the
new non-dimensional number. The new non-dimensional number shifts the buoyancy induced DTHT
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and the acceleration induced DTHT data in such a way that they overlap each other. Thus, the new











Figure 10-6 Nu Ratio vs. New Non-Dimensional Number
We will call this new non-dimensional number as the "DTHT" number in order to distinguish it from the
property dimensionless group when the buoyancy parameter was rearranged as a combination of the
non-dimensional heat flux, Reynolds number and property group (=PGN).
Another advantage of the Type-3 correlation is that the interference between the acceleration effect and
the buoyancy effect is automatically addressed by using only a single non-dimensional number. The
flow regime that overlaps the buoyancy induced DTHT and the acceleration induced DTHT was not
covered in the forced circulation experiments, thus the regime is still unknown. Since most of the
literature considers only one effect at a time, the DTHT regime with overlapping acceleration and
buoyancy effects is a new regime that requires further attention. However, the DTHT number bypasses
this problem, as both effects are represented by the combined number.
The following set of equations depicts the Type-3 correlation. The comparison of the correlation to the







correlation for simplicity, while the non-iterative form of Gnielinski correlation with (T/T)-0 is used
for the normal turbulent heat transfer.
If Rein 2300 (Mixed Convection Laminar and Forced Convection Laminar)
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Figure 10-7 Experimental Nu vs. Predicted Nu by Type3 Correlation
10.5 Performance of New Correlations and Their Limitations
Table 10-1 summarizes the new laminar correlation performance in terms of the two indicators.
Compared to the other four mixed convection laminar correlations, the new laminar correlation fits the
experimental data much better. All the mixed convection laminar experimental data are within ±20%
band. However, as mentioned in Chapter 8, more experimental data for the mixed convection laminar
regime will be required to reach a final conclusion. The future experiment should be performed with
other gases such as nitrogen or carbon dioxide at low flow rate.
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TABLE 10-1 SUMMARY OF NEW LAMINAR CORRELATION PERFORMANCE
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Table 10-2 and Table 10-3 summarize the performance of all three types of the new correlations and
compare them to other DTHT correlations. Again, correlation's value is highlighted with yellow when
the R-square value is over 90% and 20% band value over 75%, and light blue is used to highlight the
best result in each regime for both indicators.
Overall Type-1 and Type-2 correlations perform the best over the entire range of heat transfer regimes
and Type-3 shows satisfying performance as well. Comparing all regimes the three new correlations
against the best performing correlation in the literature i.e. Celeta et al.'s correlation, all new correlations
perform better than or as good as to Celeta et al.'s correlation. Therefore, it can be concluded that all
three correlations can successfully predict the gas heat transfer coefficient in various heat transfer
regimes.
The Type-2 correlation is simpler than Type-1, since Type-2 eliminated the iteration process for
estimating the heated wall temperature by changing the power of the radial property variation term. Yet
it still shows the best correlation with the data. Type-3 correlation further simplified the correlation set
by suggesting a new non-dimensional "DTHT" number. For a certain application, a correlation set can
be chosen from these three sets by considering the available computational resources, character of the
problem and desired accuracy of the calculations. However, since the DTHT number is only a
combination of the non-dimensional heat flux (q*) and the Reynolds number, which is insufficient to
capture the buoyancy parameter completely, Type-3 correlation shows lesser correlation with the data in
the buoyancy DTHT compared to Type-I and Type-2 correlations.
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Correlation All Turbulent Bo*-DTHT K,-DTHT Transition
RELAP5 0.9275 0.9357 -0.1649 0.7138 0.6851
Gnielinski,avg 0.9275 0.9357 -0.1649 0.7138 0.6785
Gnielinski,local 0.9005 0.8790 0.0434 0.6795 0.4982
Petukhov1 0.9207 0.9469 -0.5950 0.4710 0.6623
Petukhov2 0.8873 0.9489 -1.3321 -2.0029 -3.3808
Herbert 0.8527 0.8801 -1.0010 -0.9451 -7.4225
Jackson 0.9330 0.9326 0.0858 0.7098 0.6711
Parlatan 0.9260 0.9361 -0.2230 0.7144 0.6797
Vilemas 0.4917 0.2009 -0.4386 -0.4416 -0.0787
Celeta 0.9405 0.9323 0.3425 0.7097 0.7059
Symolon 0.9155 0.9512 -0.8558 0.4652 0.6718
McEligot 0.9082 0.8872 0.1416 0.6136 0.6434
Perkins 0.9376 0.9385 0.1333 0.6376 0.6336
Taylor 0.8780 0.8328
TABLE 10-3 SUMMARY OF NEW CORRELATIONS PERFORMANCE (20% BAND)
Tavlor 0.4489 0.4661 0.2784 0.5417
0.8750
0.6146
The correlations are reliable for the parameters in the covered range of the experiments, since the
correlation is fitted with the data presented in Chapter 8. It would be desirable to broaden the range of
data by using more data from the literature. However, the gas heat transfer data presented in the
literature are difficult to merge with our data since the selected non-dimensional groups for their
expression differ from each other. Transforming one non-dimensional group to another non-dimensional
group (especially the buoyancy effect terms) requires properties of the fluid at each local point, which is
not typically available in the literature. Moreover, most of the available heat transfer data in these
regimes were taken with water and/or supercritical fluids, which could not properly reflect the gas
properties dependence on temperature (Chapter 3), resulting in different stream-wise variation of the
governing non-dimensional numbers. Table 10-4 shows the non-dimensional number range of all the
collected experimental data.
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Correlation All Turbulent Bo'-DTHT K,-DTHT Transition
RELAP5 0.6955 0.8482 0.2216 0.6250 0.7083
Gnielinski,avg 0.6909 0.8482 0.2216 0.6250 0.6667
Gnielinski,local 0.5239 0.5946 0.2614 0.6458 0.5313
Petukhovl 0.6739 0.8464 0.1705 0.4167 0.7188
Petukhov2 0.6114 0.8946 0.1250 0.1250 0.0938
Herbert 0.5261 0.7554 0.1648 0.2292 0.0000
Jackson 0.7011 0.8429 0.2898 0.6250 0.6667
Parlatan 0.6898 0.8482 0.2159 0.6250 0.6667
Vilemas 0.3080 0.3429 0.0966 0.1875 0.5521
Celeta 0.6898 0.8196 0.2841 0.6250 0.7083
Symolon 0.6830 0.8625 0.1534 0.4167 0.7396
McEligot 0.5739 0.6589 0.2898 0.6042 0.5833
Perkins 0.6886 0.8464 0.2500 0.6250 0.6042
TABLE 10-4 SUMMARY OF THE CONDITIONS FOR ALL EXPERIMENTAL RUNS
Inlet Re Range 1800 - 42,700
Inlet q* Range 0.0003 - 0.0039
Inlet Bo' Range 3X10-9 - 1X10-5
Inlet K, Range 6X10-8 - 5X10-6
Maximum LID 116
Maximum T/T 1.88
Inner Diameter 15.7 mm
However, the upper limit of the Reynolds number can always be extended up to the Gnielinski
correlation, which is Re < 106 for the forced normal turbulent heat transfer regime. This is because only
slight modification or no change was made to the Gnielinski correlation when developing the three new
types of correlations for the normal turbulent heat transfer regime. It should be noted that the
modification affects only the Nusselt numbers at low Reynolds numbers. At high Re numbers, the results
of the modified and original Gnielinski correlation are identical.
The other restrictions for applying the developed correlations are:
(1) Since liquids and super critical fluids behave very differently from the gas, the developed
correlations are applicable only to gas heat transfer. However, the concepts for developing
the correlation can be always extended to other operating fluids.
(2) The interference between the acceleration effect and the buoyancy effect is not fully covered
for the cases, where the operating conditions are simultaneously above both the acceleration
threshold and the buoyancy threshold. Type-1 and Type-2 correlations cannot address this
regime since the experimental data did not cover this overlapping region, and the conditions
for selecting a correlation when both thresholds are exceeded at the same time are not
clarified. Type-3 correlation has not been validated for this regime, due to the same reason,
but it can yield a heat transfer coefficient value for this regime. In short, the relative
influence of the buoyancy effect and acceleration effect on the turbulent flow are not fully
covered. More experimental data and theoretical development should be followed to further
understand this regime. Some theories, such as the one presented by Petukhov and Polyakov
(1988), cover both effects at the same time, but the authors agree that the theory can explain
this regime only within limited range.
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(3) Since there is a potential for having different governing physical phenomena depending on
geometrical conditions, application of a correlation to a problem that exhibits large
differences in terms of geometry of the heated section from this experimental facility is not
recommended (such as significantly smaller or larger diameters, larger LID value, different
channel shape). The gas heat transfer data in the DTHT regimes showed that fully developed
turbulent heat transfer was rarely observed under the experimental conditions even though
the test section has a reasonably large LID (up to 115). Since the fully developed region,
where the local parameters alone can successfully describe the turbulent flow, is rarely
observed in the DTHT cases, the sensitivity of the turbulent flow structure to the geometry
of the channel and the upstream conditions is stronger for the DTHT flow than the normal
fully developed turbulent flow. Therefore, to have high confidence in the calculation result
when applying the DTHT correlation to an engineering problem, geometrical and inlet
conditions similarities to the experiment should be satisfied.
It is obvious that to expand the correlation application range, more data on these regimes with different
gases and geometries should be obtained.
10.6 Smoothness of Developed Correlations
In the last section, it was shown that new correlations satisfy the three objectives for a 'good' correlation.
The non-dimensional numbers that were chosen for the correlation reflected the physical phenomena, all
the physical properties are evaluated at bulk temperature and the only necessary iteration (for Type-i
only) is the original iteration for the properties variation term in the Gnielinski correlation. However,
another property of being a 'good' correlation is to have a smooth transition from one heat transfer
regime, to another regime in order to enable 'good' characteristics in numerical system analysis. This
section will focus on this newly added condition for the three sets of developed correlations.
The main problem with validating this objective is that there is no general relationship between K,, Bo*,
q+ and Grq. In other words, it is impossible to analytically differentiate the laminar correlation, turbulent
correlation and the DTHT correlation with respect to the Reynolds number and match both slopes and
the values at each boundary to check the smoothness of the correlation, when passing through flow
regime boundaries.
However, the physical phenomena, which were observed through the experiment, showed that the
reduction in the turbulent heat transfer coefficient when the flow is crossing the threshold is a very
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abrupt phenomena. Figure 8-17 and Figure 8-18 are presented here again as Figure 10-8 and Figure 10-9
to show the acute change in the Nusselt number when the threshold is crossed along the channel. Here
the "New" thresholds are shown.
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Figure 10-9 Nusselt Number Ratio vs. Acceleration Parameter
Both figures clearly show that when the operating condition is crossing the buoyancy induced DTHT
boundary or the acceleration induced DTHT boundary, the Nusselt number down stream changes steeply
while the heat transfer reduction at the inlet is smooth. This indicates that the inlet Nusselt number
variation with the flow regime should be smooth, but forcing the correlation to perform smoothly at
downstream locations does not reflect the real physical world i. e. the correlation would fail to predict
actual experimental data. Therefore, the correlations will be checked for smoothness only in terms of
inlet parameters.
Figure 10-10 through Figure 10-12 show the calculated inlet Nusselt numbers of the three new
correlations for:
1. Three gases: nitrogen, helium and carbon dioxide
2. Heat flux from 2000 to 30,000 W/m 2K
3. Pressure from 0.1 to 0.9 MPa
4. Volumetric flow rate from 0.2 to 3.0 CFM
5. Maximum Buoyancy Parameter: 3.36X 105
6. Maximum Acceleration Parameter: 5.95X 105
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From Figure 10-10 to Figure 10-12 show that all three correlations have a smooth inlet Nusselt number
transition from the normal turbulent flow to the acceleration driven DTHT. Type-1 and Type-3 exhibit
rapid transition from the mixed convection laminar to turbulent or mixed convection laminar to DTHT
compared to the Type-2 correlation. Therefore, it can be concluded that Type-2 has the best performance
in terms of the smoothness of correlation over the regime changes. However, the figures also show that
the mixed convection laminar heat transfer regime and laminar to turbulent heat transfer regime require
more attention to understand the physical phenomenon of the transition thoroughly. At this point it is not
clear if the sudden change of heat transfer coefficient is a real phenomenon. More transition data will
have to be obtained to resolve this transition region and update the proposed correlations to predict the
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11 Natural Circulation (Experiment vs. Numerical Analysis)
In this chapter, steady state natural circulation data with carbon dioxide and nitrogen will be presented.
The data were obtained from the same experimental facility with the guard heater in operation and
naturally circulating flow. These new data will be compared to numerical predictions by two computer
codes - the system analysis code RELAP5-3D developed by Idaho National Laboratory and the Loss of
Coolant Accident - Convection Loop Analysis (LOCA-COLA) computer code developed at MIT.
11.1 Experimental Data
The only difference between the data presented in this chapter from that in Chapter 8 is that the data in
this study are obtained solely for natural circulation of a gas in the loop, while the data in Chapter 8
were all obtained under forced circulation operation. To reach steady state natural circulation faster, the
flow was first initiated with the compressor and after the walls of the test and chimney sections heated
up enough to maintain natural circulation, the entire blower section was isolated from the loop. To
minimize heat losses in the long chimney section, the temperature controlled guard heaters were
operated. Thus, the bulk temperature along the chimney section was maintained equal to that of the test
section outlet bulk temperature. Seven runs were made with nitrogen and carbon dioxide at different
operating conditions. Table 11-1 provides the operating conditions for each run.
TABLE 11-1 EXPERIMENTAL CONDITIONS
Pressure Mass flow rate Inlet Temperature Inlet Inlet
Run Gas + Inlet Bo' Inlet K, T,/Tb
(MPa) (kg/sec) (K) Re q +
1 N2 0.496 1.043 X 10-3  299.6 4,591 0.0037 1.57X10~5 3.24X 10- 1.66-1.17
2 N2 0.695 1.495X 10-3  297.9 6,608 0.0036 1.25X10-5 2.22X 10- 1.78-1.20
3 N2 0.562 1.666X 10~3  296.5 7,452 0.0024 4.19X10-6 1.31X 106 1.63-1.14
4 N2 0.401 0.978 X 10-3  295.4 4,343 0.0043 1.36X 10-5 3.92X 10- 1.56-1.09
5 C02 0.271 1.155X10-3  294.7 6,106 0.0023 1.05X10- 5 1.48 X 10- 1.63~1.15
6 C02 0.374 1.892X10.3  294.1 10,073 0.0019 5.18X 10-6 7.49X 107 1.79-1.21
7 C02 0.534 3.049X 10-3 293.7 16,336 0.0015 2.73X 106 3.68 X10-7 1.91-1.23
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As mentioned in the previous chapters, the buoyancy or acceleration effects can change the turbulent
flow structure and deteriorate turbulent heat transfer. Figure 11-1 shows the operating conditions for the
inlet buoyancy parameter versus the inlet acceleration parameter plane, along with the threshold value
for each parameter. By adopting the newly proposed thresholds for the DTHT regimes, all seven cases
were operated in the deteriorated turbulent heat transfer (DTHT) regime, where significant reduction in








Figure 11-1 Operating Conditions on Inlet Kv vs. Inlet Bo* Plane
Figure 11-2 and Figure 11-3 show the ratio of the measured Nusselt number to the predicted Nusselt
number using the Gnielinski correlation (Equation (4-7)) versus the buoyancy parameter and the
acceleration parameter.
It can be observed that both nitrogen and carbon dioxide experienced significant turbulent heat transfer
deterioration even though their inlet Reynolds numbers were well above the critical Reynolds number of
2300. A significant deterioration of the turbulent heat transfer was observed towards the outlet of the
channel, and two sets of nitrogen data were obtained where both the inlet buoyancy and the inlet
acceleration parameters exceeded the threshold values (Mixed DTHT in Figure 11-1).
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Figure 11-2 Effect of Buoyancy on Turbulent Heat Transfer
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11.2 Numerical Predictions of RELAP5
11.2.1 Modeling of the Loop in RELAP5
Before comparing the data to the numerical results of the system analysis code RELAP5-3D, modeling
of the loop in RELAP5-3D will be discussed first. Figure 11-4 shows the loop nodalization. Since the
final steady state natural circulation flow is numerically simulated (not the startup), the blower section is
omitted from the model.
The values of form loss coefficients in the turbine meter and the helical heat exchanger are shown in
Figure 11-4. The loss coefficients of the elbows with a sharp corner are adopted from [Idelchik, 1994],
and the Reynolds dependency is shown in Equation (11-1). It should be noted that the elbow between
volume 127 and 101 is actually a tee with no branch flow, thus a correlation for an elbow with recess is
used instead of a normal elbow, which is also shown in Equation (11-1). The form loss of the helical
exchanger is from [Gnielinski, 1998]. The turbine meter (junction between volume 113 and 115 in
Figure 11-4) is modeled as a loss coefficient since there is a significant pressure drop across the turbine
meter, which cannot be ignored. The loss coefficient is provided by the manufacturer. In a junction with
abrupt diameter change (e.g. between volume 121 and 123 in Figure 11-4 where diameter changes from
15.7mm to 22.9mm), the abrupt area change model option is selected in the RELAP5 calculation.
KElboW =4.82/ReO 18, KElbw wth reces = 5.79/Re0 -'18
(11-1)
There are two heat structures connected to the loop. One is on the test section and the other is on the heat
exchanger. The test section is divided into 20 axial nodes, since that is the number of thermocouples
installed on the test section. The helical heat exchanger is modeled with 8 nodes. Since the heat transfer
coefficient in a helical tube is higher than in a straight tube [Gnielinski, 1998]], the heat transfer area of
each heat exchanger node was adjusted to reflect an increased heat transfer rate. The system pressure is
enforced by matching the pressure of a time dependent volume (Volume 129) with the experimentally
measured pressure for each individual case. The heat flux profiles for individual runs are provided from
the experimentally measured values (obtained from power input minus axially dependent heat losses).
The heat exchanger waterside temperature and the flow rate are set to give a reasonable approximation
of the gas side test section inlet bulk temperature.
The main source of potential discrepancy in the natural circulation flow rate between the experiments
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and RELAP5-3D is the heat sink and uncertainty in the hydraulic resistance of the whole loop. This is
because the natural circulation flow rate is determined by (1) the gas pressure, (2) applied heat, (3) the
strength of the heat sink, (4) the hydraulic resistances along the loop, and the first two are set to be the
same as in the experiments. The potential error due to adjustment of the strength of the heat sink will be
discussed in the next section.
Figure 11-4 Nodalization of the Experimental Facility for RELAP5-MOD3 Input
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Two heat transfer correlations are available in RELAP5-3D - (1) Dittus-Boelter ("DB" in all legends)
and (2) Gnielinski ("GN" in all legends) - and both correlations will be tested. However, it should be
noted that Dittus-Boelter correlation is implemented in RELAP5-3D without considering the thermally
developing length effect and the radial property variation effect. On the other hand, the Gnielinski
correlation is implemented with the property modification factor and the thermally developing length, as
shown in Equation (4-7). It is noted that the RELAP5-3D has the capability of calculating a strong
buoyancy effect on the turbulent heat transfer for supercritical fluids. However, the RELAP5-3D does
not apply the model to the fluids that are operating below the critical pressure. Thus, only the forced
turbulent heat transfer correlations are compared to the experimental data.
11.2.2 RELAP5 Results
Figure 11-5 to Figure 11-11 compare RELAP5-3D predictions with the experimental wall temperature
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Figure 11-8 RUN #4 Experimental Data vs. RELAP5
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Figure 11-10 RUN #6 Experimental Data vs. RELAP5
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Figure 11-11 RUN #7 Experimental Data vs. RELAP5
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Table 11-2 shows the differences between RELAP5-3D calculated and measured values of the natural
circulation mass flow rate and the test section inlet bulk temperature. The maximum wall temperature
difference is also shown for two different heat transfer correlations, the Dittus-Boelter (DB) and the
Gnielinski (GN). Since the heat transfer correlation affects only the wall temperature of the heated
section and does not change the natural circulation potential, the total natural circulation flow rate and
the inlet bulk temperature are the same for the two correlations. It should be noted that, due to the high
heat transfer rate of the helical type heat exchanger and its conservative design, the impact of a heat
transfer correlation on the heat exchanger side is minimal; therefore the effect on the prediction of
natural circulation flow rate is negligible. Minus signs in Table 11-2 indicate that a RELAP5-3D
prediction underpredicts the experimentally measured values.
TABLE 11-2 SUMMARY OF REALP5-3D RESULTS
Run ass Flow Rate Error (% niet ATb K Max AT, (K)
DB GN
1 23.2 -6.9 302.2 290.4
2 9.4 -3.4 294.0 279.8
3 -9.5 -3.0 179.5 166.8
4 11.2 1.0 163.6 136.5
5 6.6 2.6 166.7 146.7
6 -7.9 4.0 187.2 170.9
7 -14.5 2.7 216.6 202.4
The table and figures show that a wall temperature prediction with the Gnielinski correlation yields a
closer match with the measured wall temperature compared to the Dittus-Boelter predictions. However,
RELAP5 with the Gnielinski correlation still underpredicts the wall temperature by up to over 250K.
This is not a surprising result since Figure 11-2 and Figure 11-3 have shown that the measured heat
transfer coefficient could have up to 70% reduction from the normal turbulent heat transfer value when
the loop is operating in the DTHT regime.
However, the behavior of the discrepancy in mass flow rate prediction by RELAP5-3D and the
experiment is an interesting subject to discuss. The mass flow rate is strictly estimated from a balance
between the buoyancy driving force and the hydraulic resistance of the system. Therefore, the
discrepancy in the mass flow rate can occur for two reasons. One is an error in prediction of the
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buoyancy driving force, which can be due to an error in calculation of the strength of the heat sink, and
the other is an error in the calculation of the total flow resistance, which can be due to an error in
predicting the friction factor or form losses.
Figure 11-12 shows the mass flow rate error with respect to the inlet bulk temperature difference for all
seven runs. The figure illustrates that there is no strong correlation between the mass flow rate error
and the inlet bulk temperature. The inlet bulk temperature affects the driving buoyancy force because it
determines the cold leg density and thus the downcomer gravity head, which is the major driving force
of the natural circulation inside the loop. Therefore, the discrepancy in the flow rate is not due to an
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Figure 11-12 Inlet Bulk Temperature Difference vs. Mass Flow Rate Error
Figure 11-13 and Figure 11-14 show the mass flow error versus the inlet buoyancy and acceleration
parameters, respectively. Figure 11-13 and Figure 11-14 show that there is a strong correlation between
the mass flow rate error and the inlet buoyancy parameter or the inlet acceleration parameter. This
confirms that the flow resistance is affected by the strong heating and explains for the mass flow rate
discrepancy between RELAP5-3D and the experiment. Hence the discrepancies in flow rate predictions
are primarily due to changes in the friction factor under strong heat addition and the error in the






Figure 11-13 Mass Flow Rate Error vs. Inlet Bo *
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and natural circulation tests. It should be noted that these data are preliminary measurement of the
friction pressure drop and the accuracy of the measurement was not well defined. However, the data
suggest that there is a possibility that the turbulent friction factor is modified while the flow is in the
DTHT regime. The y-axis shows the ratio of the measured average channel friction factor in the test
section to the friction factor calculated from the Blasius correlation, based on the channel average
Reynolds number. The x-axis is the inlet buoyancy parameter. Since all seven cases operated in the
buoyancy driven DTHT (Figure 11-1), the inlet buoyancy parameter is selected for an indicator to
represent the strong heating effect. The Blasius correlation is selected since it fits well for low Reynolds
numbers (around Re=4000), which is close to the operating range, and it is well validated for the forced
turbulent condition.
fa.,,ius = 0.316 Re- 2
(11-2)
It can be seen that as the local buoyancy force increases, the average friction factor in the test section
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Therefore, the discrepancy in the mass flow rate between the RELAP5-3D and the data comes from the
lack of a suitable friction factor correlation for gas flow that can increase by up to 70% due to the large
buoyancy forces. It should be noted that the RELAP5-3D has a capability of modeling the friction factor
change for water as an operating fluid when the property modification is large due to heating. But this
option is not available for the gas. Moreover, since the gas property changes tend to lower turbulent heat
transfer and skin friction for heated flow, this option would decrease the gas friction factor, which is the
opposite effect to that observed in this experiment under large buoyancy and acceleration forces. In
addition, the behavior of the friction factor shown in Figure 11-15 cannot be easily explained by the
well-known Reynolds' analogy, which states that the turbulent friction factor and the heat transfer
coefficient should behave similarly. In the experimental runs the heat transfer is significantly decreased
but the friction factor is increased.
The above comparisons indicate that employing the forced turbulent heat transfer and friction factor
correlations for the naturally circulating gas flows may lead to substantial overprediction of flow rates
and underpredictions of wall temperatures when the system is operating in the DTHT regime. Thus, to
improve wall temperature predictions in the DTHT regime, appropriate friction factor and heat transfer
correlations in the DTHT regime are necessary.
11.3 Numerical Predictions of LOCA-COLA
11.3.1 Modeling of the Loop in LOCA-COLA
LOCA-COLA (Loss of Coolant Accident - Convection Loop Analysis) is a computer code for steady
state analysis of generic gas convection cooling systems [Williams et al., 2004] and used extensively at
MIT for evaluation of GFR decay heat removal system performance. Unlike RELAP5-3D, which
currently does not provide an option of modeling heat transfer in the DTHT regime, LOCA-COLA
employs a set of heat transfer correlations that cover forced, mixed and free convection regimes
(buoyancy driven DTHT). The Gnielinsky correlation [Gnielinski, 1976] is employed in the forced
convection regime and Churchill correlations [Churchill, 1998] are used for mixed and free convection
regimes (buoyancy driven DTHT). A linear interpolation approach is used in the transition between
forced and mixed convection to obtain a smooth transition. Three sets of new correlations that cover
both forced convection and DTHT regimes (buoyancy and acceleration driven DTHT) have been
developed in the previous chapters. The third type correlation was added to LOCA-COLA due to its
simplicity and lower sensitivity to the combined buoyancy and acceleration effects on heat transfer
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coefficient predictions.
LOCA-COLA also incorporates rather complex models of the friction factor to cover the transition
regime between the laminar and the turbulent flows. Therefore, the entire Moody diagram with detailed
resolution of the transition regime as a function of uniform grain roughness per recommendation by
Idelchik [Idelchik, 1994] was incorporated into LOCA-COLA [Williams et al., 2003]. However, it is
noted that the map is valid for isothermal flows and does not include the effect of heat flux on the
friction factor. This is because it was difficult to find reliable data so far. This could be an issue
especially in mixed convection (buoyancy driven DTHT), where the effects could be significant, as
indicated on Figure 11-14 and Figure 11-15, and where recommendations from various investigators
differ to such an extent that some publications suggest increasing friction factor while others claim
decreasing values for buoyancy driven DTHT. Finally, LOCA-COLA incorporates the dependence of
form losses on Reynolds number since this effect becomes important at low Reynolds numbers. This is
accomplished using an approach suggested by Idelchik [Idelchik, 1994] for inlet and orifice-type form
loss, and a method proposed in [General Electric Company, 1990] for bends.
The LOCA-COLA model of the facility is the same as the RELAP5-3D model shown in Figure 11-4,
with one difference. LOCA-COLA cannot model the waterside loop. Therefore, a constant heat
exchanger wall temperature, based on water temperature data was used as a boundary condition. This
introduces a negligible error because water flow rates are large and considering the heat capacity
difference between the gas and water, there is a negligible water temperature rise across the heat
exchanger, the wall temperate being almost equal to that of water. This was also supported by
observations in the experiments, where heat exchanger outlet water temperature was always the same
even though the heat rates deposited in water varied among the runs.
11.3.2 LOCA-COLA Results
The results for Runs 1, 4, 5, and 6 are plotted in Figure 11-16 through Figure 11-19. Four runs were
selected, since these four runs mostly cover interesting aspects of the comparison. In the legend of
figures, "Org." implies Churchill correlation originally implemented in the code, and "TYPE3" implies
the Type-3 correlation. "Best" in Figure 11-16 is for the wall and bulk temperature profile with the new
correlation when the calculated mass flow rate is matched to that of the experiment by adjusting the




Figure 11-16 RUN #1 Experimental Data vs. LOCA-COLA
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Table 11-3 provides a summary of the differences between predictions and experiments. It should be
noted that the first two points in the thermally developing region and the last two points have significant
axial heat loss and high uncertainties; thus they are not included in the calculations of the maximum AT
in Table 11-3. Comparing the mass flow rate differences in Table 11-3 to those in Table 11-2, it is clear
that even though the differences are slightly smaller for LOCA-COLA than for RELAP5-3D, the trend
in discrepancies is the same. This confirms that a more accurate treatment of friction factor in the
transition regime is not sufficient to predict flow rates accurately, unless the effect of buoyancy effect on
friction factor is incorporated into the model. Nevertheless, overall the prediction of mass flow rate is
reasonable and error does not exceed 20%.
TABLE 11-3 SUMMARY OF LOCA-COLA RESULTS
Run # ass Flow Rate Error (% niet ATb K Max AT, (K)
Origina ype-3
1 16.7 0.4 240.0 127.0
4 7.2 2.0 68.0 72.0
5 0.6 0.5 99.0 -81.0
6 -12.4 0.4 158.0 -150.0
Comparing maximum differences in cladding temperatures in Table 11-3, interesting trends can be
observed. First, the underprediction of the original correlation set in LOCA-COLA ("LOCACOLA-Tw-
Org.") is smaller than for RELAP5-3D using solely the Gnielinski correlation. Nevertheless, the
reduction in heat transfer coefficient in the experiment is larger than that predicted by the Churchill's
approach ("Org."). Secondly, although the Type-3 correlation reduces the differences and is significantly
more conservative than the original correlation (i. e. run number 5 and 6, minus sign indicates that the
Type-3 correlation overpredicts the peak temperature), it still does not guarantee conservative
predictions for all cases (i. e. run number 1 and 4). This can be seen in Run #1 ("LOCACOLA-Tw-
TYPE3"), which has very high values for both the buoyancy and acceleration numbers and where the
peak clad temperature is underpredicted by 127*C. This large discrepancy is partly caused by
overprediction of mass flow rate due to the absence of the correct friction factor correlation for the
DTHT regime (see Figure 11-15). This can be seen in the "LOCACOLA-Tw-Best" curve, where the
mass flow rate was matched closer to the experimental value by adjusting the form losses. The peak wall
temperature difference is now reduced from 127*C to 92 *C, which corresponds to a 25% error on wall-
to-bulk temperature difference. Thus, the compounded effects of the absence of correct friction factor
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correlations in the DTHT regime is significant. Thirdly, the wall temperature profile along the heated
length is not predicted well in some cases. This is not surprising, given the various phenomena that drive
heat transfer deterioration, the Type-3 correlation is a simplified correlation that lumps all these effects
into one parameter - the "DTHT" number. Also, these runs are new runs that were not part of the
original data set used for the correlation development. Even more importantly, the data used for the
Type-3 correlation development did not have a case with both the acceleration and buoyancy parameters
so far above their thresholds at the same time as for Run #1. Therefore, more work is needed to improve
the correlation to cover such extreme cases.
Nonetheless, even though the 127*C cladding temperature underprediction is large, it will be difficult to
reduce this uncertainty significantly. This stems from the fact that the heat transfer coefficient in low gas
flows is small and even a small uncertainty on heat transfer coefficient projects to large wall temperature
differences for a given bulk temperature. For example, the Type-3 correlation correlates data from 50
runs to within a 20% uncertainty band. Since the heat transfer coefficient in the DTHT regime for run #1
is about 1OW/m 2-K and heat flux at the location of peak clad temperature is 3000W/m2, 20% uncertainty
in heat transfer coefficients projects to a ±75*C difference on cladding temperature. On the other hand,
the 20% uncertainty on water heat transfer coefficient of 20,OOOW/m 2-K at a typical decay heat flux of
60,000W/m2 results in a cladding temperature change of less than 1*C. Since the Gnielinski correlation,
which is one of the best correlations available for forced turbulent convection regime, correlates data
within a 20% uncertainty band, it is evident that a further reduction of uncertainties in the DTHT regime
may not be attainable.
Helium is expected to have a different behavior because the flow rates achievable through natural
circulation are in laminar or very close to laminar flow. Thus the flow cannot be further "laminarized"
by acceleration or buoyancy forces. On the contrary, the high buoyancy will cause flow turbulization and
enhancement of heat transfer. However, the friction factor will increase and because the cladding
temperature in helium cooled channels under natural circulation is more sensitive to the mass flow rate
than for heavy gas coolants, such as CO 2 or N2, the impact on cladding temperature may be significant.
Experiments with helium are necessary to confirm this hypothesis.
In summary, this chapter presented experimental heat transfer and pressure drop data for a naturally
circulating gas loop and compared them to calculations using two computer codes. Natural circulation
gas loops can operate in an acceleration driven or buoyancy driven or both-effects-driven DTHT regimes
with substantial reduction of heat transfer coefficient: as low as 30% of its forced convection value.
Hence, most computer codes with traditional turbulent heat transfer correlations that do not have the
capability to simulate the buoyancy and acceleration effects on turbulent heat transfer will significantly
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underpredict the wall temperature in the DTHT regimes.
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12 Summary, Conclusions and Recommended Future Work
12.1Summary
12.1.1 Expected Decay Heat Removal Conditions
The Gas-Cooled Fast Reactor (GFR) is one of the advanced reactor designs among the Generation IV
concepts, under development in the U.S., France, and Japan. It is widely recognized that one of the
major design challenges of this type of reactor is to ensure sufficient passive Decay Heat Removal
(DHR) under Loss-Of-Coolant Accidents (LOCA). This is because fast reactor economics requires high
power density cores, but gases have inherently mediocre heat transfer coefficients and specific heat
capacities at low pressures.
Traditionally, active gas cooling loops using electrically driven blowers were used for DHR in earlier
GFR designs. However, in the last decade, an increased emphasis has been made on passive DHR
systems due to their simplicity and higher reliability (since they do not depend on energy sources). Also,
there is a strong preference for passive DHR systems in the Generation IV program. Therefore, there is a
strong incentive for GFR designs having the capability to dissipate decay heat by passive means. To
ensure decay heat removal from the GFR core using natural mechanisms is, however, a very ambitious
and difficult task, given the need for high power density. One of the adopted approaches is connecting
the core to elevated heat exchangers with convection loops, and operating the system at elevated
pressure after the primary system looses its coolant to the guard containment.
System analysis codes, such as RELAP5-3D, are frequently used to evaluate performance of a reactor
and its DHR system under LOCA. However, correlations implemented in RELAP5-3D are not suitable
for the GFR core channel geometry under certain conditions, and the implemented single phase heat
transfer map for a vertically oriented volume in RELAP5-3D is an over simplified version of the
traditionally accepted heat transfer regime map.
Figure 12-1 shows helium cooled (blue color) and supercritical carbon dioxide (S-C0 2) (red color)
cooled GFRs' operation on the RELAP5-3D heat transfer map during LOCA. The helium DHR system
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under investigation employs natural circulation of gas between the core and elevated helium/water
cooled heat exchangers. The S-CO 2 DHR system configuration is similar to the helium system except
for an active blower. In case that the blower fails, the DHR system is designed to remove decay heat by
natural circulation. The S-CO 2 DHR system in Figure 12-1 is for solely passive operation, i.e., after the
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Figure 12-1 Operating Conditions During GFR LOCA on RELAP5 Heat Transfer Map
The free convection and laminar convection areas are where RELAP5-3D has considerable uncertainties,
and hot channel of both the helium cooled and S-CO 2 GFRs operate near the boundary of these areas or
inside the area during the transient. As a result, the predicted Peak Cladding Temperature (PCT) by
RELAP5-3D has significant uncertainties during LOCA with passive operation of the DHR system.
By comparing Figure 12-1 to the two maps in Figure 12-2, the RELAP5-3D heat transfer map (Figure
12-1) is clearly a simplified version of Figure 12-2. The left figure in Figure 12-2 is traditionally
accepted as the single phase heat transfer map for vertically oriented channel, developed by Metais &
Eckert (1964). The right map is a numerically implemented version of Metais & Eckert. The right map
also shows both the helium cooled and the S-CO 2 cooled GFR operations during LOCA on the
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numerical version of Metais & Eckert map. The RELAP5-3D map does not include the mixed
convection laminar, mixed convection turbulent and free convection laminar regimes along with the
transition zones between each regime, where these heat transfer regimes may play a significant role in
predicting PCT during LOCA, as shown in Figure 12-2.
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Figure 12-2 Heat Transfer Regime Map Introduced by Metais & Eckert (1964)
12.1.2 Deteriorated Turbulent Heat Transfer
During passive decay heat removal period, two physical phenomena can cause Deteriorated Turbulent
Heat Transfer (DTHT) and degrade the system performance. The two phenomena are: (1) the buoyancy
effect and (2) the acceleration effect. The buoyancy effect modifies the shear stress distribution in the
turbulent flow and decreases the turbulent heat transfer. The acceleration effect is also known as a
"laminarization due to the favorable pressure gradient" and reduces the turbulent heat transfer by strong
stream-wise acceleration due to heating, which resembles a converging channel flow laminarization. The
governing non-dimensional numbers are shown in Equations (12-1) and (12-2), respectively. Equation
(12-1) is called the buoyancy parameter (Bo*) and Equation (12-2) is called the acceleration parameter
(K,). Grq is the Grashof number evaluated with heat flux, Re is the Reynolds number, Pr is the Prandtl
number, and q* is the non-dimensional heat flux which is the ratio of heat flux and the flow enthalpy
flux.
Bo Gr,






Figure 12-3 shows the operating conditions of several different designs of both the helium cooled and
carbon dioxide cooled GFR DHR systems on normalized DTHT parameters (i. e. buoyancy and
acceleration parameters) versus normalized Reynolds number map. The normalization values are the
threshold values for each non-dimensional number, which are (1) 6X 10- for the buoyancy parameter (2)
3X 10-6 for the acceleration parameter and (3) 2300 for critical Reynolds number for turbulent flow
transition in pipe. The threshold values and description of DTHT parameters are well documented in
[McEligot and Jackson, 2004].
Figure 12-3 indicates that the designed GFR DHR systems have a potential to operate in these regimes.
Thus RELAP5-3D correlation and heat transfer map require update to represent these two phenomena
systematically. It should be noted that in addition to the gaps in the DTHT regime gas laminar flow
under large buoyancy force (mixed convection laminar regime), where most of the helium loops are
operating (see Figure 12-3), needs also experimental data to validate correlations in this regime and
implement the suitable correlation into the system analysis code.
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12.1.3 Correlations
In order to understand the research work performed in the past, which was related to the DTHT regime
and mixed convection laminar flow, extensive literature review of these areas was performed. Table 12-1
summarizes and categorizes literature on the DTHT and mixed convection laminar regimes reviewed in
this work. Literature in italic bold and underlined fonts in Table 12-1 is the literature that suggests a
correlation, which was compared to the experimental data obtained in our facility.
However, due to differences in behavior of thermo-physical properties of gases, liquids and super critical
fluids, experimental data and correlations developed for liquids and super critical fluids are not expected
to show good agreement with obtained gas experimental data. The differences between different fluids
in terms of buoyancy parameter and acceleration parameter were demonstrated by dividing each
parameter into two groups, namely controlled group (C.Bo* or C.K,) and properties group (P.Bo*or
P.K), presented in Equations (12-3) and (12-4). Controlled group contains variables which a designer
can modify while the properties group is a combination of fluid properties. Focusing on the properties
group, one can observe that the buoyancy and acceleration parameters differ not only in trend among
fluids but also in magnitudes. Therefore the physical phenomena will be different between different fluid
types, as shown in Figure 12-4.
NBo* q m , , 9P 0.25 =C.Bo* -P,Bo*
h 0.575 2.704x10 k
(12-3)




TABLE 12-1 SUMMARY OF REVIEWED LITERATURES
Gas Liquid Supercritical






Bankston (1970) Petukhov and Strizin (1968)
Steiner (1971) Herbert and Sterns (1972)
Experiment Carr et al. (1973) Petukhov and Polvakov
DTHT** Tanaka et al. (1987) (1988) Jackson et aL
Kaupas et al. (1989) Parlatan (1989)) (1989)
Polyakov and Shindin (1988) Aicher and Martin (1996)
Petukhov and Polvakov (1988) Celeta et aL (1998)
Jackson et aL (1989) Symolon et aL (2005)
Vilemas et aL (1992)
Poskas et al. (1993)




Zeldin and Schmidt (1972)(19)
9Nesreddine et al. (1998)
Numerical Tanaka et al. (1987)
Analysis Cotton and Jackson (1990)
Satake et al. (2000)
DTHT Mikielewicz et al. (2002)
You et al. (2003)
Xu et al. (2004)
Spall et al. (2004)
*Mixed Convection Laminar = MCL
**Deteriorated Turbulent Heat Transfer = DTHT
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Figure 12-4 Buoyancy and Acceleration Properties Groups of Different Fluids
(N2: Nitrogen, H20: Water, S-C0 2 : Supercritical Carbon Dioxide)
Since DTHT of gas is predicted to behave differently from DTHT of water or super-critical phase fluid,
heat transfer correlations based on water or super-critical carbon dioxide (S-C0 2) experimental data
require validation with gas experimental data before the correlation can be utilized for gas system
analysis. However, most of the gas experiments concentrated on the flow structure study rather than on
correlation development, and more heat transfer coefficient correlations were developed based on liquid
and super critical fluid experiments compared to gas experiments. Therefore, there is a need for gas
experimental data in the DTHT and mixed convection laminar regimes to validate existing correlations
or develop a new correlation.
12.1.4 Experimental Facility
Figure 12-5 shows the schematic diagram of the experimental facility, which was built to obtain heat
transfer coefficient experimental data in the DTHT and mixed convection laminar regimes. Similitude
analysis of the experimental facility was performed during the design process to match key experimental
loop parameters to the GFRs' DHR operating conditions to the largest extent possible. The facility was a
loop connecting -2m-long heated section with an elevated cooler and had an overall height of 7m
spreading over 2 floors to maximize the natural circulation capability. The facility can be viewed as
three different systems, as indicated by boxes in Figure 12-5. The first system is the main loop, where
most of the measurements were made. The main loop can be further divided into three sections - test
section, chimney section and downcomer section. The second system involves the compressor
compartment located at the bottom part of Figure 12-5. This system was necessary to operate the facility
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in a high flow rate range and to initiate natural circulation flow. The last system is the gas charging and
the vacuum systems. These systems are shown on the top right side of Figure 12-5. The vacuum system
was needed to pump out the air from the main loop before the test gases such as pure nitrogen, helium
and carbon dioxide, were charged into the main loop through the gas charging system. The loop was
designed to operate at pressures up to IMPa and wall temperature up to 1000K.
With the exception of the test section, the main loop was constructed of 1 inch Type 316 stainless steel
tube. The test section and flow development region, upstream of the test section, were made with % inch
Type 316 tubing. The test section wall thickness was 0.065 inches and the inner diameter of the test
section was 0.62 inches (15.7mm). The one-inch stainless steel tube had a wall thickness of 0.049 inches
and inner diameter of 0.902 inches (22.9mm).
Height of the test section was 2.0 m and the chimney section was 3.8m tall. Power taps at the top and
bottom of the test section connected a DC power supply providing up to 1500 Ampere, at 10 Volts to the
test section. This power supply provided for either voltage or current control of the power applied to the
loop. Remote control of the power supply was provided by an analog digital converter installed in a HP
3852A Data Acquisition unit. Temperatures of the loop were measured by Type K thermocouples spot-
welded directly to the tubing. Twenty welded thermocouples were installed on the test section and nine



















Figure 12-5 Schematic Diagram of Experimental Facility
Figure 12-6 shows the test section cross-section. A thin stainless steel foil, shown in Figure 12-6, was
wrapped around the outer surface of primary insulation to conduct the heat from guard heater coils more





reduce an uncertainty in the heat transfer coefficient measurement by minimizing the heat loss from the
test section and maintain the natural circulation potential in the chimney section. The foil was wrapped
along the entire height of both the test section and the chimney section. This was a necessary measure to
provide a uniform heating to the largest extent possible, since the insulation is a weak conductor and the
guard heater is a tape heater that coils around the test section creating hot and cold spot (non-uniform
heating). Finally, the secondary insulation was installed to minimize any heat losses from the guard
heaters and to provide a safety measure to the operator in high temperature operation.
Test Section 2nd Insulation
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Thermocouple Guard Heater






Figure 12-6 Test Section Cross Section
Three insulation thermocouples were installed azimuthally at corresponding locations of test section
wall thermocouples to measure radial heat losses. Radial heat losses can be calculated from the
temperature difference between the test section and the surface temperature of the insulation material,
which were monitored during the experiments. The thermal conductance was measured prior to
experiments. Since the test section had twenty thermocouples axially, a total of sixty insulation
thermocouples were installed at the surface of the test section primary insulation. A greater number of
thermocouples were required on the insulation material (glass wool) due to the larger azimuthal
temperature variations of the low-conductivity insulation than the highly conductive stainless steel test
section.
In addition, two thermocouples were attached to the power taps inside the primary insulation. These
power taps were made from a solid copper block on the inlet to the test section and a stainless steel
block on the test section outlet. Each tap was affixed directly to the test section resulting in a significant
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axial heat loss due to heat conduction into the power tap. Measuring the temperature of each power tap
was important for evaluating the axial heat losses more accurately. In this experimental facility, two
turbine meters were installed to accurately match the measurement ranges to the system operating
conditions. One turbine meter was from OMEGA and it measured volumetric flow rate between 1 and
10 actual cubic feet per minute (ACFM), and the second turbine meter, manufactured by
FLOWMETRICS, measured flow from 0.2 to 2 ACFM.
12.1.5 Data Reduction
Raw Data Geometr Properties
Data
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Figure 12-7 Flow Chart of the Data Reduction Program
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The obtained raw data from the facility operation software were processed through the data reduction
program written for a MATLAB environment. Figure 12-7 shows the flowchart of the data reduction
program. Before obtaining the heat transfer experimental data in the DTHT and the mixed convection
laminar regimes, the thermal conductance of the insulation material was measured under vacuum
condition to eliminate natural circulation development in the facility and maximize the heat transfer to
the insulation material. The thermal conductance measurement is important for measuring the gas heat
transfer coefficient since the gas convective heat transfer coefficient is equivalent in magnitude with the
insulation material conductance. This means that in order to measure the gas heat transfer coefficient
reliably the thermal conductance of the insulation material has to be measured accurately first.
Table 12-2 summarizes all the experimental conditions where the data were obtained. It should be noted
that all the data were collected under forced circulation, since it provided more reliable environment
than natural circulation for measurement purposes, without loosing much physics. The data were
collected in the forced turbulent, the DTHT and the mixed convection laminar regimes, with three
different gases. Each gas covered different physical phenomena. Nitrogen data covered forced turbulent,
acceleration DTHT, buoyancy DTHT and returbulizing DTHT regimes; helium data covered forced
turbulent, transition, acceleration DTHT and mixed convection laminar regimes; carbon dioxide data
covered forced turbulent, buoyancy DTHT and returbulizing DTHT regimes with more revealing details.
TABLE 12-2 SUMMARY OF ALL THE EXPERIMENTAL RUNS
All N2  He CO2
Total number of Runs 58 (N2, He, C0 2) 20 15 23
Pressure Range (MPa) 0.13-0.67 0.13-0.59 0.17-0.40 0.13-0.67
Power Range (W) 200 -2690 291-1989 200-2630 720 -2690
Volumetric Flow Rate
0.19 - 2.88X10 3  0.24- 2.88X10- 3  1.17- 2.88X10-3  0.19- 2.83X10~3
Range (m3/sec)
Inlet Temperature (K) 302 - 304 -302 -304 -303
Inlet Re Range 1800 - 42,700 5300 - 23,600 1800-4,500 12,000 - 42,700
Inlet q+ Range 0.0003 - 0.0039 0.0003 - 0.0036 0.0003 - 0.0039 0.0006 - 0.0022
Inlet Bo* Range 3X10-9 - IX10-' 3X10-9- 6X10~6  7X10~9 - 4X10-7  iX10~ - 1X10-5
Inlet K, Range 6X10 8-- 5X10~6 6X10--3X10- 6 4X10 7 - 5X10~6 8X10-8 - 8.5X 10-7
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12.1.6 Comparison to Correlations
Experimentally measured Nusselt number is compared to forced laminar (Equation (12-5)) and forced
turbulent (i. e. Gnielinski correlation, Equation (12-6)) Nusselt number correlations. Figure 12-8 shows
all the measured local Nusselt numbers versus Reynolds number. It shows significant turbulent heat
transfer deterioration and significant laminar heat transfer enhancement.
1 1 * exp(-72 
_I 110 exp(-Y,_ )





I + where f = (1.8210oglo Re- 1.64)(D
(12-6)
954 2300 10000 38681
Re
Figure 12-8 Summary of all data in Nu-Re plot
264
Figure 12-9 and Figure 12-10 show the ratio of the measured Nusselt number to the predicted Nusselt
number by forced turbulent correlation versus buoyancy and acceleration parameters, respectively.
Laminar data are not shown since both parameters are important only for turbulent flow. "Ref."
thresholds in both figures indicate the thresholds suggested by McEligot and Jackson (2004) and
"Equivalent" threshold in Figure 12-9 is a newly determined threshold for the buoyancy induced DTHT
to set the strength of the buoyancy effect equivalent to the strength of the acceleration effect. This was
necessary since the threshold for buoyancy induced DTHT was determined when the turbulent heat
transfer is reduced by 5% of nominal value while the minimum reduction of turbulent heat transfer due
to the acceleration effect is 40%. Moreover, the uncertainty on forced convection correlation is larger
than 5% (typically 20%). Two observations can be made from both figures. The first observation is that
significant deterioration of turbulent heat transfer occurs when either the buoyancy effect or acceleration
effect is strong. The second observation is that the local buoyancy or acceleration parameter shows little
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Figure 12-10 Nusselt Number Ratio vs. Acceleration Parameter
12.1.7 Experimental Observation
From the experiment, a new phenomenon, namely "returbulization", was observed. The temperature
profiles of returbulizing buoyancy driven DTHT and non-returbulizing buoyancy driven DTHT are
shown in Figure 12-11. Dotted line in Figure 12-11, which is indicated as T.,G in the legend, is the
predicted wall temperature using the Gnielinski correlation for the turbulent heat transfer. The location
of the wall temperature peak in Figure 12-11 corresponds to the point where the heat transfer
deterioration due to buoyancy-driven laminarization is the strongest. However, returbulizing flow (Run-
52) shows that flow laminarization could not be maintained, and the flow became turbulent again
resulting in a wall temperature reduction, while non-returbulizing flow (Run-57) shows that flow
laminarization progresses to downstream of the channel, and the turbulent heat transfer is reduced.
If only inlet conditions of both parameters are plotted (Figure 12-12), the deterioration criteria and
determination of which effect caused the DTHT become obvious. The new thresholds for the
acceleration effect and the buoyancy effect are shown in Figure 12-12 along with a threshold for
returbulization. Threshold of the returbulization is defined when the buoyancy parameter is lower than
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the threshold value flow recovers back from the DTHT and exhibits forced turbulent heat transfer
characteristic at downstream of a heated channel. The new threshold for buoyancy induced DTHT is 2X
10-, threshold for returbulization is 3.5X 10I and acceleration induced DTHT is 2.5X 10-. The numbers
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Figure 12-12 Inlet Acceleration Parameter vs. Inlet Buoyancy Parameter for Three Gases and Minimum
Channel Reynolds Number Larger than 2300
12.1.8 Proposed Correlation and Heat Transfer Map
Based on the new thresholds, a new heat transfer map was proposed. Equations (12-7) and (12-8) show
how each parameter was transformed to construct a heat transfer map. The newly proposed heat transfer
regime map should be used with the inlet conditions, because all the thresholds are proposed with the
inlet buoyancy number and the inlet acceleration number. There is only one map for the same operating
pressure, inlet temperature and working fluid. However, to determine which effect is responsible for
causing the DTHT, it is recommended to use Figure 12-13 with similar diagram of Figure 12-12.





---- ---- -4 ---- ---- - - - - - - -
o o 1 N C12 x










- - - Returbulization
. . .. ., , . . . . . .. . . .. . .
10'610*7 10'-
e0.4124




Figure 12-13 Newly Proposed Heat Transfer Map
Comparing Figure 12-13 to the map in Figure 12-2, there are some significant differences between these
two maps. First of all, Figure 12-2 covers only the buoyancy effect of the turbulent heat transfer regime
while the new map (Figure 12-13) covers the acceleration effect as well. Secondly, the previous map
demarcates the boundary with the local Reynolds number and Grashof number while the new map
evaluates the boundary using the inlet Reynolds number and the inlet non-dimensional heat flux
evaluated with fluid bulk temperature. Lastly, free convection regime for either laminar or turbulent flow
from the previous map is missing in the new map. In a laminar flow case, the buoyancy effect does not
induce abrupt change in the heat transfer coefficient compared to the DTHT regime. Thus, drawing a
clear line between the laminar and the mixed-laminar regimes did not seem reasonable when comparing
the characteristics of the DTHT boundaries to the laminar mixed convection boundary. The free
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This is not surprising because the free convection cannot easily develop in a relatively small diameter
tube, such as used in this experimental facility (15.7mm).
By comparing the correlation from literature sources, which are shown in Table 12-1, mixed convection
laminar correlations did not show a successful correlation with the data and Celeta et al. correlation
showed best fitting with the data in the DTHT regime. Celeta et al. correlation and its performance are
shown in Equation (12-9) and Figure 12-14, respectively.
Nuceeta = +Nu2F+Nu2 1- 0.36+0.0065-- exp -0.81n -8x 24 Bo*Celet F ND 869(x/D)-21
(/ 8 )(Re-1000)Pr T- 045, NuN 0.15(GrTw Pr,,)"'where NuF = 
-16/Nu
1+ 12.7 Fl(Pr2/3_ 1+(0.437/Pr.) 6
(12-9)
However, Celeta et al. correlation under predicts the heat transfer coefficient for "re-turbulizing flow"
due to gases having different property behavior with the temperature compared to liquids or super
critical fluids. In addition, since Celeta et al. correlation involves wall temperature based properties
when it is estimating the free convection Nusselt number (Equation (12-9)), it is not an easy correlation
to utilize for estimating the wall temperature. Therefore, a new correlation that can successfully fit the
gas DTHT regime with a reasonable agreement to forced turbulent, DTHT and mixed convection
laminar heat transfer data is necessary. In addition, required wall temperature information should be
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Figure 12-14 Experimental Nu vs. Celeta et al. Correlation Predicted Nu
Three new sets of correlations were developed from three newly introduced concepts. The first is
changing fitted coefficient in the Gnielinski correlation to a functional form, so a new heat transfer
correlation can closely reproduce the trend of measured heat transfer coefficients. The second eliminates
the iterations due to unknown wall temperature by changing the power coefficient of properties effect
from 0.45 to 0.5 (T,/Tb term in Equation (12-6)), The third combines buoyancy and acceleration effects
through the development of a new non-dimensional number ("DTHT" number (q*/Re**)), reducing the
complexity of the heat transfer correlation. Type-1 correlation incorporated only the first idea, Type-2
correlation reflected the first two ideas, and Type-3 correlation is developed by adopting all three ideas.
Moreover, the heat transfer correlation for the mixed convection laminar regime is also developed from
the selected non-dimensional number (Grq/Re2) based on the non-dimensionalized momentum equation.
Only Type-3 correlation is shown here.
Type-3 Correlation
If Rein 2300 (Mixed Convection Laminar and Forced Convection Laminar)
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Nu 1,3.0( rq )0.11 N
NuTYPE3-Lamina = max( j 3.0LR2 N n.
IfK,, < 2.5X10-6, Bo*i,< 2X10-6 and Rein> 2300 (Turbulent)
(Re- 1000) Pr T 3
NuTYPE3
1+ 12.7 f/(Pr 2/3 _)D
IfK,; i 2.5X10-6, Bo*i, 2X10-6 and Rein> 2300 (DTHT)
-1.16
Re-0.011( Re0 " Pr -05 r
NuTYPE3-temp 
x"3
1+12.7r/8 (Pr2/3_0 T) D
NuTYPE3 = max (NuTYPE 3-tenp, NuLa,1ina)
where, f = (1.82 log 0 Re-1.64) 2 (when Re. > 2300)
1 110 exp(-7)2 +
Nuamina = 
----
Nu, 2 ,,, Am,,y
Nu, = 4.364, x+ = , y, = 4m+-, A, =0.41657,,-/
RePr 3
Table 12-3 summarizes the performance of all three types of new correlations and compares them to
other DTHT correlations in terms of R-square. Correlation's value is highlighted with yellow when the
R-square value is over 90%, and light blue is used to highlight the best result in each regime for both
indicators. Figure 12-15, Figure 12-16 and Figure 12-17 present performance of each correlation with
the measured Nusselt numbers.
Overall, Type-1 and Type-2 correlations perform the best in all heat transfer regimes and Type-3 shows
satisfying performance as well. Comparing the three new correlations against the best performing
correlation in the literature i.e. Celeta et al. correlation, all the new correlations perform significantly
better than or are equivalent to Celeta et al. correlation in all regimes. Therefore, it can be concluded that
all three correlations can successfully predict the gas heat transfer coefficient in various heat transfer
regimes and with much better accuracy than the existing correlations.
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The limitation of correlations use is the covered range in the experiments, since the correlation was
fitted with the data obtained at MIT facility only. It would be desirable to broaden the range of data by
using more data from the literature. However, gas heat transfer data presented in the literature are very
limited and the scarce data that were available could not be converted into right non-dimensional groups
because of the lack of information is the papers.
TABLE 12-3 SUMMARY OF NEW CORRELATIONS PERFORMANCE (R-SQUARE)
Correlation All Turbulent Bo*-DTHT K,-DTHT Transition
RELAP5 0.9275 0.9357 -0.1649 0.7138 0.6851
Gnielinski,avg 0.9275 0.9357 -0.1649 0.7138 0.6785
Gnielinski,local 0.9005 0.8790 0.0434 0.6795 0.4982
Petukhovl 0.9207 0.9469 -0.5950 0.4710 0.6623
Petukhov2 0.8873 0.9489 -1.3321 -2.0029 -3.3808
Herbert 0.8527 0.8801 -1.0010 -0.9451 -7.4225
Jackson 0.9330 0.9326 0.0858 0.7098 0.6711
Parlatan 0.9260 0.9361 -0.2230 0.7144 0.6797
Vilemas 0.4917 0.2009 -0.4386 -0.4416 -0.0787
Celeta 0.9405 0.9323 0.3425 0.7097 0.7059
Symolon 0.9155 0.9512 -0.8558 0.4652 0.6718
McEligot 0.9082 0.8872 0.1416 0.6136 0.6434
Perkins 0.9376 0.9385 0.1333 0.6376 0.6336






















------- Y=0.8X & Y=1.2X
101 102
NuTYPE3
Figure 12-17 Experimental Nu vs. Type3 Correlation Predicted Nu
12.1.9 Natural Circulation Run
Seven additional experimental runs with natural circulation were performed after the correlations were
developed. These runs were compared to two numerical analysis codes; the system analysis code
RELAP5-3D and Loss of Coolant Accident - Convection Loop Analysis (LOCA-COLA) with the Type-
3 correlation implemented.
Table 12-4 provides the summary of differences between predictions and experiments of two computer
codes. Four runs out of seven runs were selected as representative runs. It is clear that even though the
differences in the natural circulation mass flow rate are slightly smaller for LOCA-COLA than for
RELAP5-3D, the trend in discrepancies is the same. This confirms that even with a more accurate
treatment of friction factor in the transition regime of LOCA-COLA is not sufficient to predict flow rates
accurately, unless the effect of buoyancy on friction factor is incorporated into the model, which is
shown in Figure 12-18. Nevertheless, overall the prediction of mass flow rate is reasonable and error
does not exceed 20%.
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TABLE 12-4 SUMMARY OF NUMERICAL ANALYSIS RESULTS
RELAP5-3D LOCA-COLA
Run
Mass Flow Rate Max AT, (K) Mass Flow Rate Max AT, (K)
#Inlet ATb (K) Inlet A Tb (K)
Error (%) DB GN Error (%) rigina ype-3
1 23.2 -6.9 302.2 290.4 16.7 0.4 240.0 127.0
4 11.2 1.0 163.6 136.5 7.2 2.0 68.0 72.0
5 6.6 2.6 166.7 146.7 0.6 0.5 99.0 -81.0
6 -7.9 4.0 187.2 170.9 -12.4 0.4 158.0 -150.0
Comparing maximum differences in cladding temperatures in Table 12-4 shows interesting trends. First,
the underprediction of the original correlation set in LOCA-COLA is smaller than for that RELAP5-3D
using solely the Gnielinski correlation. Secondly, although the Type-3 correlation reduces the differences
and is significantly more conservative than the original correlation, it still does not guarantee
conservative predictions for all cases. This large discrepancy is partially caused by overprediction of
mass flow rate due to the absence of the correct friction factor correlation for the DTHT regime (see
Table 12-4). Thus, the compounded effect of the absence of correct friction factor correlations in the
DTHT regime is significant. Also, these runs are new runs that were not part of the original data set used
for the correlation development. Even more importantly, the data used for the Type-3 correlation
development did not have a case with both the acceleration and buoyancy parameters so far above their
thresholds at the same time as for Run #1. Therefore, more work would be needed to improve the
correlation to cover such extreme cases.
The limited friction factor data obtained in the facility are by far not sufficient for the development of
reliable correlations and more experimental data and research is needed to quantify the effects of the
buoyancy and acceleration on friction factor in the DTHT flows. Also, further improvements in these
new correlations are desirable. However, it is not expected that cladding temperature predictions could
be improved to within few degrees centigrade, as in water cooled and liquid metal cooled reactors. This
is because of inherently low gas heat transfer coefficients and consequently larger uncertainties of the
effects of phenomena impairing heat transfer in DTHT regimes.
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Figure 12-18 Friction Factor Measurement Ratio vs. Local Bo*
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12.2 Conclusions
This study specifically focused on the heat transfer characteristics of Deteriorated Turbulent Heat
Transfer (DTHT) regime and mixed convection laminar regime, since these regimes are among the
possible operating regimes for a Gas-cooled Fast Reactor (GFR) passive Decay Heat Removal (DHR)
system during Loss-Of Coolant Accident (LOCA). Through carefully designed experiments to
investigate these regimes, several new phenomena were observed and new concepts were introduced to
explain the experimental data.
The data confirmed that turbulent heat transfer can be reduced to 30% of its capability when the
operating conditions exceed the thresholds of DTHT regime. The DTHT regime occurs due to two
physical effects: (1) a buoyancy effect and (2) an acceleration effect. However, it is shown that, in
contrast to the turbulent flow, a large buoyancy effect aids laminar flow heat transfer. One of the
contributions of this work is that this is the first gas experimental data collected in internal laminar flow
with large buoyancy effect. Inlet conditions are found to be far better for determining the gas DTHT
regime than local conditions.
A new phenomenon found from the experiment is "re-turbulization." The returbulization occurs when
the buoyancy effect is not strong enough to reduce turbulent heat transfer down stream, and the flow
recovers its turbulent heat transfer capability, which results in wall temperature reduction. The
returbulization is observed only in gas experiment while such a phenomenon is not found in liquid or
super-critical fluid experiments. By suggesting a unique approach for understanding the governing non-
dimensional numbers, which decomposes governing non-dimensional groups to design controlled and
fluid property groups, the reason for different fluids showing different behaviors was explained.
The second contribution of this work is that this is the first attempt to experimentally compare the
strength of the buoyancy effect to the acceleration effect on gas turbulent flow, and to combine both
effects with one non-dimensional group, namely the "DTHT" number. In addition to developing a new
non-dimensional number, a new single phase gas heat transfer map was developed to cover both
buoyancy and acceleration effects simultaneously, which is rarely found from other work.
The third contribution is that three concepts, extended versions of an existing approach, were suggested
in this work for developing heat transfer correlation in the DTHT regime and mixed convection laminar
regime to achieve reasonable accuracy. These concepts were oriented to satisfy both flexibility of the
278
correlation for code implementation and reflection of the real physical phenomena. This experiment was
one of the rare attempts to utilize hot-wire in a pressurized system under DTHT conditions to investigate
the flow structure and develop a suitable correlation. But, unfortunately the hot-wire system design was
not sufficient to overcome engineering challenges.
The last contribution is validation of predictions from the widely used system analysis code, RELAP5-
3D, for a naturally circulating system with nitrogen and carbon dioxide in the DTHT regime. Even
though the newly developed heat transfer correlations fits the natural circulation data with reasonably
low uncertainties (less than 25%), due to the large wall-to-bulk temperature difference in the DTHT
regime, prediction of the wall temperature with the new correlation still shows significant difference
from the experimentally measured value in certain cases. Furthermore, it was observed that the average
friction factor value of the heated channel in the DTHT regime shows higher value than the normal
turbulent flow value, and increased friction factor in the DTHT regime significantly exacerbates the heat
transfer impairment by further reducing the natural circulation flow rate.
However, in contrast to nitrogen or carbon dioxide, helium is expected to have a different behavior. This
is because the flow rates achievable through natural circulation with helium are in laminar or very close
to laminar flow, so that the flow cannot be further "laminarized" by acceleration or buoyancy forces.
Thus, a large buoyancy effect will push the system operation into the mixed convection laminar regime,
where the laminar heat transfer is enhanced due to the buoyancy effect. Nevertheless, the friction factor
will increase and because the cladding temperature in helium cooled channels under natural circulation
is more sensitive to the mass flow rate than for heavy gas coolants, such as carbon dioxide or nitrogen,
the impact on cladding temperature may be significant. Therefore, it is recommended to design the GFR
DHR system to operate outside the DTHT regime in most of the conditions to secure fuel integrity and
lower the design uncertainties (uncertainties in heat transfer and friction factor correlations).
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12.3 Recommended Future Work
This section will briefly discuss recommendations for future work with specific emphasis on utilizing
the potential of the experimental facility to expand the heat transfer data and further explore interesting
topics in the gas heat transfer area.
12.3.1 Test Section Modification
Unfortunately, the data that were presented in the thesis were only obtained from one test section
diameter size. Larger or smaller sizes will change the governing physical phenomena significantly.
Figure 12-19 shows the effect of the test section size variation. This calculation is performed with:
operating pressure of I atm, nitrogen as a working fluid, inlet temperature of 300K, heat flux of 1
kW/m2 and volumetric flow rate of 1.0 CFM. The y-axis shows the acceleration and Jackson's buoyancy
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Figure 12-19 Governing Physical Phenomena Variation with the Test Section Diameter Size
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Figure 12-19 clearly shows that when the test section size gets smaller the acceleration effect is
pronounced and when the situation is opposite, the buoyancy effect becomes dominant. The reason is
obvious: the acceleration parameter is inversely proportional to the diameter while the buoyancy
parameter is proportional to the diameter. This figure also explains the reason why most of the
acceleration effect experiments were all done with a small size test section (-3mm) while the buoyancy
effect studies usually used large diameter test section (-10cm). Since the current test section size is in
between the two extremes, it will be interesting to reproduce the two extreme cases in the experiment by
changing the test section diameter size. Changing the shape of the test section will be also an interesting
topic to investigate, especially in view of the fact that the GFR under development in France at CEA has
currently plate type fuel geometry.
12.3.2 Different Heat Flux Shape and Flow Orientation
Another proposed future work will be studying the effect of the applied heat flux shape. Since, the
results from the thesis clearly show that the gas heat transfer depends more on the inlet condition than
the local conditions, the heat flux shape will clearly change the single channel heat transfer characteristic.
This is because the buoyancy parameter and the acceleration parameter will start to behave differently
from the uniform heat flux cases.
The downward heated flow is another topic of interest since there are designs with heated down flow
(for example GT-MHR and an older GCFR). Generally it is accepted that the downward heated flow
heat transfer coefficient is enhanced due to the buoyancy effect, but Figure 12-19 shows that when the
test section is small enough the acceleration effect will prevail over the buoyancy effect. Since the
acceleration is not affected by the orientation of the flow (no gravitational acceleration in the
acceleration parameter) deterioration due to acceleration can be also predicted. However, because
buoyancy effect is now contributing to increased heat transfer, the interplay between buoyancy-
enhanced heat transfer in the down flow and acceleration driven deterioration is not clear. Thus, a small
size test section with the downward heating experiment can provide surprising results.
12.3.3 Differential Pressure Measurement and Friction Factor
Correlation Development
As shown in the natural circulation results it is evident that more attention to the friction factor is
required. From the Reynolds analogy, the friction factor and the heat transfer coefficient tend to vary
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together. There is a large uncertainty on the effects of buoyancy forces on friction factor, in particular in
the DTHT regime. A modest data set and some publications that were identified suggest that the friction
factor can either be increased or decreased by buoyancy assisting mixed convection. Petukhov and
Strigin [Petukhov and Strigin, 1968], [Petukhov, 1977] developed the correlation that predicts significant
increase of friction factor with Rayleigh number. Other data were found to exhibit a decrease in friction
factor as buoyancy forces increase, followed by an increase with Grashof number or buoyancy force
[Carr, et. al., 1973]. These correlations and data only pertain to the turbulent mixed convection regime.
At present no data or correlations have been found that pertain to laminar mixed convection effects.
Therefore, a friction factor correlation that can reliably predict friction factor in buoyancy affected flows
is needed. In addition, since laminarizing flow under the acceleration effect is expected to show different
friction factor from forced turbulent flow, friction factor for the acceleration induced DTHT requires
attention simultaneously. This is particularly important for GFR decay heat removal applications where
deterioration of friction factor can substantially impair decay heat removal under natural circulation and
its impact is expected to be higher than that of the heat transfer coefficient. Thus, measuring the friction
factor for the DTHT regime is a key future work to be performed.
12.3.4 Hot-wire Measurement
Ideally, the velocity and temperature fields across the channel should be measured to provide more
information about the structure of the flow for various regimes. Since the DTHT regime and mixed
convection laminar regime heat transfer characteristics change due to the local flow structure and affects
the velocity profile, the temperature profile and the turbulent kinetic energy profile in the test section,
knowledge of these parameters is valuable for determining thresholds for transitions, and better
understanding of flow behavior. This has been attempted in the present work using a hot-wire facility but
issues were encountered that could not be resolved during the project. Few problems were identified
with the current design described in the thesis and this is mainly due to lack of experience in operating a
hotwire probe in a pressurized system. After fixing the identified problems and installing a few more
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Appendix-B (Derivation of Test Section Inner Wall
Temperature)
Governing heat conduction equation is
V -(kV T)= -q
(B- 1)
with boundary conditions:






By solving governing equation with uniform azimuthal temperature distribution and constant axial heat
flux profile in the given node, the following equation is obtained.
1a ( T q'"I r--- =- --





By applying boundary conditions constants C and C2 become:
C = D, -q2 (4t
(B- 5)
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Appendix-C (Flowchart of Operation Software)
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Appendix-D (Table of Experimental Data)
This appendix documents data for all 58 runs in the form of tables. The data range is shown in Table D-1.
TABLE D-1 SUMMARY OF ALL THE EXPERIMENTAL RUNS
Total number of Runs 58 (N2, He, C0 2)
Pressure Range 0.13 -- 0.67 MPa
Power Range 200 - 2690 Watts
Volumetric Flow Rate Range 0.4 - 6.1 CFM
Inlet Temperature 300 - 305 K
Inlet Re Range 1,800 -42,700
Inlet q+ Range 0.0003 - 0.0039
Inlet Bo* Range 3X10-9- iX10-
Inlet K, Range 6X10-8 -5X10- 6
The first two rows in the following tables summarize experimental conditions for each run. Next 21 rows
show L/D, wall temperature, bulk temperature, heat flux, heat transfer coefficient, uncertainty on the heat
transfer coefficient, the Nusselt number, uncertainty on the Nusselt number, the Reynolds number, non-
dimensional heat flux (based on the enthalpy), the heat flux based Grashof number, the Prandtl number,
buoyancy number and acceleration number from left to right column respectively. All the non-
dimensional numbers are evaluated at the fluid bulk temperature including the inlet non-dimensional




c,: specific heat at constant pressure (J/kg K)
g: gravitational acceleration (m2 / sec)
h: heat transfer coefficient (W/m 2 K)
k: thermal conductivity of gas (W/m K)
q": heat flux (W/m2 )
D: pipe diameter (m)
G: mass flux (kg/m 2 sec)
H: enthalpy (J/kg)
L: length (m)
P: system pressure (MPa)
T,: wall temperature (K)
T: bulk temperature (K)
a: thermal diffusivity = k (M 2 / sec)
pc,
1 (ap
,p: thermal expansion coefficient= - - (K-1)
p BT ,
p: dynamic viscosity (kg/m sec)
v: kinematic viscosity (M2 / sec)
p: density (kg/m3)
Gr, : Grashof number based on heat flux =
kv 2
Gr
Bo*: buoyancy parameter = RRe3 425 Pr0 8
.v dU, 4q*K: acceleration parameter = d e
Ubix Re
Nu: Nusselt number = hD
k
V
Pr: Prandtl number = -
a
Re: Reynolds number =- UD
V





Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
1 0.33 756 1.1 298 9046 0.002122 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 348.46 304.31 7987.2 180.9 17.21 108.66 10.41 8908 0.002471 24721382 0.7226 9.5E-07 1.11E-06
8.1 441.11 321.58 7308.7 61.14 2.27 35.21 1.4 8541 0.002139 16540462 0.7223 7.35E-07 1E-06
14.1 473.26 338.06 7289.1 53.91 1.76 29.88 1.05 8225 0.002028 13158988 0.722 6.65E-07 9.86E-07
20.2 495 354.42 7207.7 51.27 1.64 27.42 0.94 7939 0.001912 9903849 0.7219 5.65E-07 9.63E-07
26.2 513.03 370.62 7141.6 50.15 1.57 25.93 0.9 7679 0.001811 8017977 0.7218 5.13E-07 9.43E-07
32.3 524.66 386.69 7106.5 51.51 1.67 25.79 0.89 7443 0.001727 6239423 0.7218 4.44E-07 9.28E-07
38.3 535 402.66 7062.4 53.36 1.84 25.92 0.97 7226 0.001647 4908712 0.7218 3.87E-07 9.12E-07
44.4 544.4 418.55 7055.6 56.07 1.97 26.45 0.98 7026 0.001583 4121697 0.7218 3.58E-07 9.01E-07
50.4 560.37 434.26 6912.4 54.81 1.97 25.15 0.96 6841 0.001494 3261347 0.7219 3.1E-07 8.74E-07
56.5 572.68 449.8 6920.3 56.32 2.02 25.16 0.96 6671 0.001444 2786863 0.7221 2.89E-07 8.66E-07
62.5 584.74 465.2 6814.2 57 2.15 24.83 0.99 6512 0.001374 2254715 0.7222 2.54E-07 8.44E-07
68.5 596.75 480.49 6846.5 58.89 2.23 25.03 1 6364 0.001336 1957718 0.7225 2.38E-07 8.4E-07
74.6 611.79 495.56 6645.7 57.18 2.23 23.74 0.97 6227 0.001257 1584716 0.7227 2.08E-07 8.07E-07
80.6 631.38 510.17 6453.8 53.24 1.95 21.62 0.83 6101 0.001185 1347897 0.7229 1.89E-07 7.77E-07
86.7 644.08 524.56 6483.4 54.24 2.1 21.56 0.89 5984 0.001157 1146141 0.7232 1.72E-07 7.74E-07
92.7 657.53 538.88 6418.2 54.09 2.04 21.06 0.83 5872 0.001114 1003010 0.7235 1.61E-07 7.59E-07
98.8 670.4 553.03 6363.5 54.22 2.04 20.69 0.84 5768 0.001076 882480 0.7238 1.5E-07 7.46E-07
104.8 684.19 566.94 6226.6 53.1 2.07 19.88 0.81 5669 0.001026 742349 0.7242 1.34E-07 7.24E-07
110.9 694.75 580.77 6324.3 55.49 2.17 20.39 0.83 5576 0.001017 674473 0.7245 1.29E-07 7.3E-07
116.9 655.38 592 3892 61.41 4.43 22.23 1.63 5503 0.000614 377372 0.7248 7.53E-08 4.46E-07
304
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
2 0.5 1320 1.2 298 14359 0.002446 N2
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 365.49 304.99 13939.9 230.42 26.46 137.88 15.96 14122 0.002709 97451943 0.7239 7.72E-07 7.67E-07
8.1 481.55 324.1 13050 82.89 3.74 47.35 2.25 13485 0.002385 65462519 0.7234 6.08E-07 7.07E-07
14.1 519.43 342.59 13038.5 73.73 3 40.38 1.78 12934 0.002253 48221450 0.723 5.17E-07 6.97E-07
20.2 545.74 361 12946.3 70.08 2.76 36.9 1.63 12439 0.002121 35960946 0.7227 4.41E-07 6.82E-07
26.2 566.69 379.31 12900.2 68.85 2.62 34.93 1.46 11993 0.002011 28891523 0.7225 4.01E-07 6.71E-07
32.3 581.69 397.53 12831.8 69.68 2.7 34.12 1.42 11588 0.001908 22216786 0.7224 3.47E-07 6.59E-07
38.3 593.96 415.65 12785.2 71.7 2.88 33.96 1.46 11219 0.001817 17345217 0.7224 3.03E-07 6.48E-07
44.4 605.41 433.7 12768 74.36 3.13 34.11 1.55 10880 0.001738 13735418 0.7224 2.66E-07 6.39E-07
50.4 623.89 451.59 12581.2 73.02 3 32.49 1.47 10570 0.001644 11359804 0.7225 2.43E-07 6.22E-07
56.5 638.23 469.31 12583.2 74.49 3.13 32.2 1.44 10284 0.001582 9193464 0.7227 2.16E-07 6.15E-07
62.5 652.07 486.9 12451.2 75.38 3.26 31.69 1.45 10020 0.001508 7430646 0.7229 1.91E-07 6.02E-07
68.5 665.77 504.39 12495.1 77.43 3.48 31.69 1.53 9774 0.00146 6142471 0.7232 1.72E-07 5.97E-07
74.6 682.2 521.69 12235.4 76.23 3.33 30.41 1.43 9546 0.001381 5195436 0.7235 1.57E-07 5.79E-07
80.6 703.3 538.6 12003.9 72.88 3.14 28.37 1.29 9337 0.001311 4266220 0.7238 1.4E-07 5.62E-07
86.7 718.07 555.32 12022 73.87 3.3 28.08 1.34 9141 0.001273 3601754 0.7241 1.27E-07 5.57E-07
92.7 733.57 571.94 11923.7 73.77 3.2 27.41 1.28 8957 0.001225 3139689 0.7245 1.18E-07 5.47E-07
98.8 748.74 588.37 11834.8 73.8 3.28 26.83 1.26 8784 0.001181 2656665 0.7249 1.07E-07 5.38E-07
104.8 764.67 604.55 11635.8 72.67 3.35 25.87 1.3 8622 0.001129 2240425 0.7253 9.6E-08 5.24E-07
110.9 777.5 620.61 11730.4 74.77 3.37 26.07 1.24 8469 0.001108 2012258 0.7257 9.17E-08 5.23E-07
116.9 737.2 634.49 8519 82.95 5.71 28.43 2.03 8343 0.000786 1319384 0.7261 6.32E-08 3.77E-07
305
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
3 0.53 710 1.2 299 15232 0.001277 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 335.9 302.05 7485.3 221.11 26.24 133.24 15.91 15103 0.001384 60391832 0.7243 3.8E-07 3.66E-07
8.1 395.63 311.79 7120.1 84.92 4.17 49.95 2.55 14742 0.001274 48374114 0.7239 3.31E-07 3.46E-07
14.1 413.13 321.31 7160.3 77.98 3.53 44.83 2.13 14410 0.001243 41297112 0.7236 3.05E-07 3.45E-07
20.2 425.56 330.84 7128.8 75.26 3.32 42.31 1.98 14096 0.001202 35086225 0.7234 2.8E-07 3.41E-07
26.2 435.46 340.34 7114.2 74.79 3.19 41.16 1.87 13799 0.001165 31920890 0.7232 2.74E-07 3.38E-07
32.3 442.59 349.82 7092.4 76.45 3.34 41.21 1.9 13519 0.00113 27388128 0.723 2.52E-07 3.34E-07
38.3 448.51 359.27 7074.3 79.27 3.59 41.88 1.98 13254 0.001097 23621420 0.7228 2.33E-07 3.31E-07
44.4 454.58 368.7 7064.7 82.26 3.87 42.62 2.08 13003 0.001067 20487117 0.7227 2.16E-07 3.28E-07
50.4 465.03 378.06 6982.3 80.29 3.74 40.82 1.97 12765 0.001028 17663722 0.7226 1.98E-07 3.22E-07
56.5 473.37 387.38 6984.1 81.21 3.83 40.54 1.97 12539 0.001004 15477558 0.7226 1.85E-07 3.2E-07
62.5 481.48 396.63 6904 81.36 3.9 39.91 1.97 12324 0.000969 13455458 0.7225 1.7E-07 3.14E-07
68.5 488.75 405.83 6909.2 83.33 4.11 40.17 2.03 12120 0.000947 11885914 0.7225 1.59E-07 3.13E-07
74.6 499.16 414.95 6781.9 80.54 3.93 38.19 1.92 11927 0.000909 10336995 0.7225 1.46E-07 3.05E-07
80.6 513.76 423.89 6647.8 73.97 3.43 34.52 1.66 11745 0.000872 9015288 0.7225 1.35E-07 2.97E-07
86.7 522.65 432.74 6669.1 74.18 3.49 34.08 1.68 11571 0.000857 8073372 0.7225 1.27E-07 2.96E-07
92.7 531.48 441.59 6644.8 73.92 3.31 33.45 1.58 11404 0.000837 7540927 0.7226 1.24E-07 2.93E-07
98.8 540.58 450.39 6611.5 73.31 3.28 32.68 1.53 11244 0.000816 6727588 0.7226 1.17E-07 2.9E-07
104.8 549.45 459.13 6556.3 72.59 3.26 31.9 1.48 11092 0.000793 5998453 0.7227 1.09E-07 2.86E-07
110.9 558.05 467.93 6729.3 74.67 3.41 32.34 1.52 10943 0.000799 5545275 0.7228 1.05E-07 2.92E-07
116.9 544.85 475.7 4998.7 72.28 4.44 30.92 1.94 10816 0.000584 3743842 0.7228 7.4E-08 2.16E-07
306
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
4 0.14 1140 2.2 299 7197 0.003581 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 379.6 310.2 12121.2 174.65 15.39 103.61 9.26 6991 0.00462 5737745 0.721 5.07E-07 2.64E-06
8.1 541.62 342.76 10754.1 54.08 1.76 29.72 1.04 6481 0.003708 3046276 0.7208 3.49E-07 2.29E-06
14.1 611.03 373.09 10572.1 44.43 1.25 22.89 0.71 6083 0.003347 1917918 0.7209 2.73E-07 2.2E-06
20.2 661.32 402.81 10352.4 40.05 1.07 19.47 0.58 5750 0.003035 1254159 0.721 2.16E-07 2.11E-06
26.2 707.14 431.85 10141.1 36.84 0.93 17 0.5 5466 0.002771 862759 0.7213 1.77E-07 2.03E-06
32.3 741.53 460.17 9893.7 35.16 0.88 15.46 0.43 5222 0.002536 618154 0.7217 1.48E-07 1.94E-06
38.3 773.29 487.72 9660 33.83 0.85 14.23 0.39 5011 0.002334 440827 0.7221 1.22E-07 1.86E-06
44.4 799.24 514.61 9494.9 33.36 0.86 13.47 0.39 4825 0.002173 323680 0.7226 1.02E-07 1.8E-06
50.4 835.05 540.6 9094.4 30.89 0.77 12.01 0.33 4662 0.001979 245600 0.7232 8.67E-08 1.7E-06
56.5 860.55 565.92 9098 30.88 0.78 11.59 0.33 4516 0.00189 190419 0.7238 7.49E-08 1.67E-06
62.5 882.96 590.73 8813.2 30.16 0.76 10.95 0.3 4384 0.001752 150168 0.7245 6.53E-08 1.6E-06
68.5 898.19 615.22 8947.2 31.62 0.84 11.12 0.33 4264 0.001705 121249 0.7252 5.8E-08 1.6E-06
74.6 918.07 638.99 8381.7 30.03 0.8 10.25 0.3 4155 0.001536 94509 0.7258 4.93E-08 1.48E-06
80.6 938.23 661.45 8064.8 29.14 0.79 9.68 0.28 4059 0.001426 76629 0.7265 4.33E-08 1.41E-06
86.7 950.12 683.6 8232 30.89 0.85 9.99 0.3 3970 0.001407 66376 0.7271 4.05E-08 1.42E-06
92.7 960.1 705.84 8212.3 32.3 0.96 10.19 0.34 3885 0.001357 54859 0.7278 3.6E-08 1.4E-06
98.8 969.06 727.96 8225.5 34.12 1.04 10.5 0.35 3805 0.001316 47147 0.7285 3.32E-08 1.38E-06
104.8 978.94 749.69 7994.8 34.87 1.11 10.48 0.35 3731 0.00124 39560 0.7291 2.97E-08 1.33E-06
110.9 972.77 770.92 7936 39.32 1.39 11.55 0.43 3663 0.001195 34113 0.7297 2.73E-08 1.31E-06
116.9 849.48 788 4926.8 80.14 9.2 23.14 2.67 3610 0.000725 18772 0.7302 1.58E-08 8.04E-07
307
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
5 0.14 742 2.2 298 7175 0.002509 N2
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 353.17 305.94 7855.4 166.34 14.53 99.74 8.79 7040 0.003047 4008281 0.721 3.46E-07 1.73E-06
8.1 459.77 327.23 7041.4 53.13 1.76 30.25 1.06 6687 0.002553 2527524 0.7209 2.6E-07 1.53E-06
14.1 499.66 347.25 6970.7 45.73 1.35 24.89 0.79 6394 0.002381 1823900 0.7208 2.19E-07 1.49E-06
20.2 526.12 367.03 6886.6 43.29 1.25 22.58 0.7 6135 0.002225 1341504 0.7208 1.85E-07 1.45E-06
26.2 548.73 386.58 6820.5 42.06 1.21 21.1 0.65 5904 0.002091 1007775 0.7209 1.59E-07 1.42E-06
32.3 563.22 405.95 6777.4 43.09 1.28 20.83 0.66 5696 0.001978 771819 0.721 1.38E-07 1.39E-06
38.3 576.38 425.18 6735.4 44.55 1.38 20.8 0.69 5508 0.001877 599571 0.7212 1.2E-07 1.36E-06
44.4 587.61 444.27 6707.2 46.79 1.54 21.13 0.74 5336 0.001788 472628 0.7214 1.05E-07 1.34E-06
50.4 606.59 463.05 6535.2 45.53 1.52 19.92 0.72 5180 0.001671 369150 0.7217 9.1E-08 1.29E-06
56.5 620.6 481.56 6550.6 47.11 1.57 20.01 0.72 5038 0.001609 312871 0.722 8.48E-08 1.28E-06
62.5 635 499.86 6420.7 47.51 1.63 19.62 0.71 4907 0.001519 250618 0.7223 7.43E-08 1.24E-06
68.5 648.11 517.97 6448.4 49.55 1.79 19.91 0.75 4785 0.001471 207548 0.7227 6.7E-08 1.23E-06
74.6 664.47 535.7 6189.2 48.06 1.79 18.82 0.74 4674 0.001365 165788 0.7231 5.8E-08 1.17E-06
80.6 685.33 552.72 5972.1 45.04 1.59 17.21 0.65 4574 0.001275 139572 0.7235 5.26E-08 1.12E-06
86.7 699.75 569.42 5999.1 46.03 1.68 17.19 0.65 4480 0.001243 118677 0.7239 4.8E-08 1.11E-06
92.7 714.64 585.98 5908.7 45.93 1.76 16.77 0.68 4393 0.001188 99531 0.7244 4.3E-08 1.08E-06
98.8 729.25 602.25 5823.9 45.86 1.71 16.39 0.64 4311 0.001139 86965 0.7248 4.01E-08 1.06E-06
104.8 744.68 618.08 5635.5 44.51 1.72 15.59 0.63 4235 0.001073 72540 0.7252 3.55E-08 1.01E-06
110.9 754.27 633.7 5699.9 47.27 1.86 16.24 0.68 4163 0.001058 65648 0.7257 3.4E-08 1.02E-06
116.9 695.28 645.91 3195.5 64.73 6.7 21.9 2.29 4110 0.000581 32526 0.726 1.76E-08 5.66E-07
308
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
6 0.13 773 1.8 300 5538 0.002889 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 362.88 309.95 8219.8 155.28 12.56 92.18 7.59 5398 0.004063 3770212 0.7209 8.07E-07 3.01E-06
8.1 493.08 338.35 7172.8 46.36 1.4 25.73 0.85 5051 0.003247 2036359 0.7208 5.48E-07 2.57E-06
14.1 549.98 364.5 7016.4 37.83 1.01 19.84 0.58 4777 0.002947 1312274 0.7208 4.27E-07 2.47E-06
20.2 592.36 390.06 6858.2 33.9 0.85 16.89 0.49 4543 0.002691 924149 0.7209 3.57E-07 2.37E-06
26.2 631.07 414.99 6702.1 31.02 0.77 14.75 0.4 4342 0.002471 635417 0.7211 2.87E-07 2.28E-06
32.3 660.96 439.3 6542.9 29.52 0.72 13.44 0.37 4167 0.002277 469876 0.7214 2.44E-07 2.19E-06
38.3 689.52 462.96 6382.9 28.17 0.71 12.33 0.36 4013 0.002107 338705 0.7217 2E-07 2.1E-06
44.4 714.44 486.01 6241.7 27.33 0.68 11.53 0.32 3877 0.001962 260622 0.7221 1.73E-07 2.02E-06
50.4 748.98 508.03 5853.8 24.29 0.59 9.91 0.27 3757 0.001759 195700 0.7225 1.45E-07 1.87E-06
56.5 774.84 529.17 5799.4 23.61 0.58 9.33 0.25 3652 0.001672 157516 0.723 1.28E-07 1.83E-06
62.5 798.73 549.63 5520.8 22.16 0.55 8.51 0.23 3556 0.001531 123310 0.7234 1.1E-07 1.72E-06
68.5 817.26 569.61 5567.4 22.48 0.56 8.39 0.23 3469 0.001488 103297 0.7239 1E-07 1.72E-06
74.6 840.04 588.77 5108.5 20.33 0.52 7.4 0.21 3391 0.00132 79591 0.7244 8.34E-08 1.56E-06
80.6 864.92 606.46 4776.3 18.48 0.49 6.57 0.19 3323 0.001197 63340 0.7249 7.12E-08 1.44E-06
86.7 882.1 623.63 4857.2 18.79 0.48 6.54 0.19 3260 0.001183 57067 0.7254 6.84E-08 1.45E-06
92.7 897.61 640.74 4779 18.6 0.48 6.34 0.18 3201 0.001132 48342 0.7259 6.17E-08 1.41E-06
98.8 912.34 657.54 4709.8 18.48 0.5 6.17 0.18 3145 0.001086 41255 0.7264 5.59E-08 1.38E-06
104.8 926.16 673.74 4477.8 17.74 0.48 5.81 0.17 3094 0.001007 35239 0.7268 5.05E-08 1.3E-06
110.9 926.79 689.21 4328 18.22 0.53 5.85 0.18 3047 0.00095 29877 0.7273 4.51E-08 1.25E-06
116.9 797.65 700.59 2163.7 22.29 1.91 7.07 0.61 3013 0.000467 13780 0.7276 2.16E-08 6.2E-07
309
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
7 0.13 558 1.8 300 5334 0.002347 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 347.65 307.45 5919.4 147.23 12.08 87.95 7.3 5233 0.003062 2613574 0.7209 6.23E-07 2.34E-06
8.1 445.51 328.72 5186.8 44.41 1.38 25.2 0.85 4973 0.002509 1613192 0.7208 4.58E-07 2.02E-06
14.1 485.4 348.41 5099.4 37.23 1.03 20.21 0.62 4759 0.002326 1160785 0.7208 3.83E-07 1.96E-06
20.2 514.01 367.7 4981.1 34.05 0.91 17.74 0.52 4572 0.002153 848443 0.7208 3.21E-07 1.88E-06
26.2 539.2 386.58 4895.7 32.08 0.85 16.09 0.47 4406 0.002012 636293 0.7209 2.73E-07 1.83E-06
32.3 556.91 405.16 4833.8 31.85 0.87 15.42 0.46 4256 0.001895 487269 0.721 2.36E-07 1.78E-06
38.3 573.41 423.47 4767 31.79 0.9 14.89 0.47 4122 0.001787 378098 0.7212 2.04E-07 1.73E-06
44.4 587.74 441.55 4725.8 32.33 0.91 14.67 0.47 3999 0.001699 312789 0.7214 1.87E-07 1.7E-06
50.4 609.57 459.14 4528.2 30.1 0.85 13.26 0.41 3889 0.001565 241587 0.7216 1.59E-07 1.61E-06
56.5 624.17 476.34 4540.8 30.72 0.9 13.16 0.42 3788 0.001512 197527 0.7219 1.42E-07 1.6E-06
62.5 637.52 493.29 4413.2 30.6 0.96 12.76 0.44 3695 0.001418 158021 0.7222 1.24E-07 1.54E-06
68.5 647.31 510.06 4470.4 32.57 1.01 13.24 0.44 3610 0.001389 138261 0.7225 1.17E-07 1.54E-06
74.6 660.16 526.46 4236.5 31.69 1.04 12.57 0.44 3530 0.001274 109576 0.7229 1E-07 1.44E-06
80.6 675.89 542.07 4071.9 30.43 0.98 11.81 0.41 3459 0.001189 92426 0.7232 9.07E-08 1.37E-06
86.7 686.27 557.42 4122.7 32 1.1 12.15 0.44 3393 0.00117 79556 0.7236 8.34E-08 1.38E-06
92.7 696.72 572.76 4086.4 32.96 1.14 12.26 0.46 3330 0.001128 69808 0.724 7.8E-08 1.35E-06
98.8 708.08 587.87 4023.5 33.47 1.24 12.19 0.47 3270 0.001081 59021 0.7244 7.01E-08 1.32E-06
104.8 720.52 602.54 3874 32.84 1.2 11.73 0.46 3215 0.001015 50810 0.7248 6.39E-08 1.26E-06
110.9 729.02 616.97 3919.3 34.98 1.42 12.27 0.52 3164 0.001002 44629 0.7252 5.93E-08 1.27E-06
116.9 667.01 627.53 1793.6 45.42 5.45 15.72 1.9 3127 0.000451 18741 0.7255 2.59E-08 5.76E-07
310
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
8 0.13 485 6 301 18470 0.000736 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 323.07 302.74 5095.3 250.64 37.07 151.52 22.5 18382 0.000771 2430953 0.721 7.8E-09 1.68E-07
8.1 357.22 308.27 4921.7 100.55 6.1 59.94 3.73 18128 0.000732 2211304 0.7209 7.5E-09 1.61E-07
14.1 366.22 313.72 4963.1 94.54 5.49 55.6 3.3 17886 0.000725 1970261 0.7209 7E-09 1.62E-07
20.2 372.92 319.2 4966.6 92.46 5.14 53.66 3.08 17651 0.000713 1861768 0.7209 6.9E-09 1.62E-07
26.2 378.39 324.68 4964.9 92.44 5.24 52.95 3.07 17424 0.0007 1651340 0.7208 6.4E-09 1.61E-07
32.3 382.45 330.16 4959.7 94.84 5.42 53.63 3.17 17204 0.000688 1560925 0.7208 6.3E-09 1.6E-07
38.3 385.93 335.63 4970.2 98.83 5.96 55.19 3.39 16992 0.000678 1393677 0.7208 5.9E-09 1.6E-07
44.4 389.49 341.11 4951.2 102.33 6.69 56.44 3.79 16785 0.000665 1239858 0.7208 5.5E-09 1.58E-07
50.4 395.72 346.55 4914.3 99.94 6.14 54.47 3.41 16587 0.000649 1168893 0.7208 5.4E-09 1.57E-07
56.5 400.54 351.97 4923.6 101.37 6.58 54.6 3.63 16395 0.000641 1050139 0.7208 5E-09 1.56E-07
62.5 405.5 357.38 4892.8 101.67 6.38 54.13 3.46 16209 0.000627 993093 0.7208 4.9E-09 1.55E-07
68.5 409.26 362.77 4880.1 104.97 7.08 55.26 3.8 16029 0.000616 891582 0.7208 4.6E-09 1.54E-07
74.6 415.18 368.11 4817.8 102.36 6.54 53.29 3.47 15856 0.000599 839419 0.7208 4.5E-09 1.51E-07
80.6 424.08 373.38 4747.9 93.66 5.8 48.24 3.05 15689 0.000582 747753 0.7208 4.1E-09 1.48E-07
86.7 429.65 378.62 4753.1 93.14 5.51 47.46 2.87 15529 0.000575 715587 0.7209 4.1E-09 1.48E-07
92.7 434.71 383.85 4744.1 93.27 5.76 47.04 2.96 15372 0.000566 647683 0.7209 3.9E-09 1.47E-07
98.8 440.15 389.06 4724.5 92.47 5.47 46.17 2.79 15220 0.000556 617502 0.7209 3.8E-09 1.46E-07
104.8 445.25 394.25 4702.2 92.19 5.68 45.57 2.86 15073 0.000546 559015 0.7209 3.6E-09 1.45E-07
110.9 450.54 399.5 4847.5 94.97 5.66 46.48 2.84 14927 0.000555 552200 0.721 3.6E-09 1.49E-07
116.9 446.53 404.28 3846.2 91.03 6.88 44.15 3.38 14798 0.000435 400845 0.721 2.7E-09 1.18E-07
311
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
9 0.13 1000 2.2 300 7025 0.003245 N2
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 371.13 309.91 10640.3 173.79 15.22 103.18 9.17 6845 0.004149 5136564 0.721 4.88E-07 2.42E-06
8.1 516.35 339.09 9417.4 53.13 1.71 29.44 1.03 6392 0.003355 2792201 0.7208 3.35E-07 2.1E-06
14.1 577.02 366.28 9280.6 44.04 1.24 23.01 0.7 6034 0.00306 1797394 0.7208 2.63E-07 2.03E-06
20.2 620.55 393 9118.4 40.07 1.08 19.85 0.6 5728 0.002801 1197563 0.7209 2.09E-07 1.96E-06
26.2 659.94 419.2 8953.1 37.19 0.96 17.55 0.5 5464 0.002577 864401 0.7212 1.78E-07 1.89E-06
32.3 689.26 444.88 8794.6 35.99 0.94 16.24 0.46 5235 0.002384 609394 0.7214 1.45E-07 1.82E-06
38.3 716.9 469.99 8607.6 34.86 0.9 15.09 0.43 5033 0.002207 457987 0.7218 1.25E-07 1.75E-06
44.4 739.87 494.57 8478.5 34.56 0.92 14.39 0.42 4854 0.002065 338049 0.7222 1.04E-07 1.7E-06
50.4 772 518.34 8098.6 31.93 0.83 12.82 0.36 4697 0.00188 256853 0.7227 8.84E-08 1.6E-06
56.5 794.6 541.45 8081.2 31.92 0.83 12.4 0.36 4556 0.001795 206688 0.7232 7.89E-08 1.58E-06
62.5 814.84 564.07 7820.6 31.19 0.85 11.73 0.36 4428 0.001666 157404 0.7238 6.62E-08 1.5E-06
68.5 828.56 586.43 7955.7 32.86 0.9 11.99 0.36 4311 0.001628 132037 0.7244 6.09E-08 1.51E-06
74.6 845.52 608.24 7506.6 31.64 0.89 11.22 0.34 4204 0.00148 103750 0.725 5.21E-08 1.41E-06
80.6 862.88 628.97 7250 31 0.89 10.71 0.33 4109 0.001381 84439 0.7255 4.58E-08 1.34E-06
86.7 872.25 649.47 7400.1 33.22 0.98 11.19 0.35 4021 0.001363 73121 0.7261 4.27E-08 1.36E-06
92.7 880.42 670.07 7392.7 35.15 1.09 11.55 0.38 3936 0.001318 62261 0.7267 3.91E-08 1.34E-06
98.8 888.86 690.57 7389.3 37.26 1.21 11.96 0.41 3857 0.001277 53329 0.7273 3.59E-08 1.32E-06
104.8 899.56 710.71 7203.1 38.14 1.3 11.96 0.43 3783 0.001208 44824 0.7279 3.22E-08 1.28E-06
110.9 903.69 730.35 7085.1 40.88 1.52 12.54 0.49 3715 0.001155 38259 0.7285 2.92E-08 1.24E-06
116.9 801.46 746.08 4399.5 79.44 8.82 23.97 2.69 3662 0.000701 21617 0.729 1.73E-08 7.66E-07
312
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
10 0.17 291 6.1 306 23619 0.000337 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 316.92 306.82 3050.8 302.15 63.8 180.7 38.22 23567 0.000352 2364380 0.7213 3.3E-09 5.97E-08
8.1 335.06 309.38 2963.5 115.39 9.56 68.57 5.77 23417 0.000339 2233923 0.7212 3.1E-09 5.79E-08
14.1 339.26 311.91 2985 109.14 9.1 64.45 5.44 23272 0.000338 2050606 0.7212 2.9E-09 5.82E-08
20.2 342.36 314.45 2975.1 106.6 8.43 62.56 5 23128 0.000335 1990168 0.7212 2.9E-09 5.79E-08
26.2 344.89 316.98 2965.5 106.23 8.21 61.96 4.84 22987 0.000331 1931956 0.7212 2.9E-09 5.76E-08
32.3 346.44 319.5 2962.4 109.96 8.7 63.74 5.12 22848 0.000328 1879693 0.7211 2.9E-09 5.74E-08
38.3 347.61 322.02 2973.5 116.22 10.4 66.97 6.06 22712 0.000327 1724824 0.7211 2.7E-09 5.75E-08
44.4 349 324.55 2967.6 121.37 10.95 69.52 6.32 22578 0.000323 1677921 0.7211 2.7E-09 5.73E-08
50.4 351.78 327.07 2938.2 118.91 10.36 67.71 5.95 22446 0.000318 1619655 0.7211 2.6E-09 5.66E-08
56.5 353.82 329.57 2938.6 121.17 10.62 68.59 6.09 22316 0.000315 1579566 0.7211 2.6E-09 5.65E-08
62.5 356.29 332.07 2936.1 121.22 11.51 68.22 6.54 22189 0.000313 1447313 0.7211 2.4E-09 5.64E-08
68.5 358.79 334.56 2933.7 121.11 11.08 67.78 6.25 22064 0.00031 1411243 0.7211 2.4E-09 5.62E-08
74.6 361.99 337.05 2914.6 116.87 10.11 65.03 5.68 21941 0.000306 1368394 0.7211 2.4E-09 5.57E-08
80.6 367.15 339.52 2876.9 104.13 8.04 57.62 4.52 21820 0.0003 1318652 0.721 2.4E-09 5.49E-08
86.7 369.98 341.97 2885.5 103.01 8.56 56.69 4.78 21702 0.000298 1216643 0.721 2.2E-09 5.5E-08
92.7 372.4 344.42 2880.9 102.96 8.24 56.36 4.56 21586 0.000296 1186843 0.721 2.2E-09 5.48E-08
98.8 375.21 346.87 2866.6 101.14 7.76 55.06 4.27 21472 0.000292 1153983 0.721 2.2E-09 5.44E-08
104.8 377.66 349.3 2849.4 100.45 7.58 54.4 4.17 21360 0.000288 1121034 0.721 2.2E-09 5.4E-08
110.9 380.26 351.76 2943.1 103.28 8.57 55.63 4.68 21247 0.000296 1067595 0.721 2.1E-09 5.57E-08
116.9 378.76 354.06 2463.9 99.77 9.2 53.48 4.97 21144 0.000246 875134 0.721 1.7E-09 4.65E-08
313
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
11 0.17 301 3.1 305 12352 0.000636 N2
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 322.05 306.49 3161.4 203.18 28.46 121.61 17.1 12298 0.0007 2491887 0.7213 3.18E-08 2.28E-07
8.1 353.29 311.5 2977.7 71.25 4.04 42.11 2.46 12146 0.000648 2082001 0.7212 2.77E-08 2.14E-07
14.1 361.63 316.38 3006.2 66.44 3.31 38.81 1.99 12003 0.000644 1997062 0.7212 2.77E-08 2.15E-07
20.2 367.5 321.28 2997.6 64.86 3.39 37.44 2.03 11863 0.000633 1775429 0.7211 2.56E-08 2.13E-07
26.2 372.28 326.16 2979.5 64.61 3.19 36.86 1.87 11728 0.000619 1679711 0.7211 2.52E-08 2.11E-07
32.3 375.39 331.02 2971 66.96 3.68 37.77 2.15 11597 0.000609 1499440 0.7211 2.34E-08 2.1E-07
38.3 377.9 335.87 2976.3 70.82 3.83 39.51 2.19 11470 0.000601 1432502 0.7211 2.32E-08 2.1E-07
44.4 380.82 340.72 2968.8 74.04 4.54 40.86 2.58 11347 0.000591 1283626 0.721 2.16E-08 2.08E-07
50.4 385.91 345.53 2919.7 72.3 4.1 39.48 2.28 11228 0.000573 1206264 0.721 2.1E-08 2.04E-07
56.5 389.86 350.29 2914.9 73.66 4.13 39.8 2.31 11113 0.000564 1151413 0.721 2.08E-08 2.03E-07
62.5 394.26 355.03 2900.1 73.94 4.36 39.55 2.37 11002 0.000554 1034665 0.721 1.93E-08 2.01E-07
68.5 398.95 359.76 2895.1 73.87 4.19 39.11 2.29 10894 0.000545 989212 0.721 1.91E-08 2E-07
74.6 404.7 364.45 2856 70.95 4.14 37.2 2.21 10790 0.000531 884324 0.721 1.77E-08 1.97E-07
80.6 413.86 369.04 2779.8 62.02 3.12 32.21 1.68 10690 0.00051 826374 0.721 1.7E-08 1.91E-07
86.7 418.72 373.58 2780.3 61.59 3.3 31.7 1.74 10593 0.000504 751969 0.721 1.6E-08 1.9E-07
92.7 423.3 378.09 2764.5 61.15 3.08 31.19 1.62 10500 0.000495 719166 0.721 1.58E-08 1.89E-07
98.8 428.26 382.58 2736.7 59.91 3.26 30.28 1.7 10409 0.000485 649557 0.721 1.47E-08 1.86E-07
104.8 432.74 387.01 2702.5 59.09 2.99 29.61 1.54 10321 0.000473 618109 0.7211 1.44E-08 1.83E-07
110.9 437.24 391.53 2849.9 62.35 3.51 30.97 1.8 10233 0.000493 595819 0.7211 1.43E-08 1.93E-07
116.9 430.26 395.52 2048.5 58.96 4.12 29.06 2.06 10157 0.000351 414595 0.7211 1.02E-08 1.38E-07
314
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
12 0.17 478 5.5 306 21704 0.0006 N2
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 325.59 307.34 5013.7 274.83 43.31 164.15 25.95 21620 0.000628 3978144 0.7213 7.4E-09 1.16E-07
8.1 356.81 311.92 4861.2 108.3 7.27 63.95 4.38 21376 0.0006 3438200 0.7212 6.6E-09 1.12E-07
14.1 364.54 316.44 4898.7 101.84 6.2 59.47 3.69 21143 0.000596 3304387 0.7212 6.6E-09 1.13E-07
20.2 370.25 320.98 4892 99.28 6.17 57.35 3.66 20914 0.000587 2953040 0.7212 6.1E-09 1.12E-07
26.2 374.86 325.5 4878 98.83 5.91 56.48 3.44 20693 0.000577 2812734 0.7211 6E-09 1.12E-07
32.3 377.93 330.02 4870.8 101.66 6.16 57.49 3.59 20478 0.000568 2683498 0.7211 6E-09 1.11E-07
38.3 380.39 334.53 4877.9 106.38 6.89 59.53 3.92 20269 0.000561 2416746 0.7211 5.6E-09 1.11E-07
44.4 383.14 339.05 4875 110.57 7.28 61.25 4.12 20064 0.000553 2311184 0.7211 5.5E-09 1.1E-07
50.4 388.18 343.54 4824.3 108.08 7.26 59.28 4.05 19867 0.00054 2063426 0.721 5.1E-09 1.09E-07
56.5 391.92 348.01 4823.8 109.87 7.28 59.66 4.02 19675 0.000533 1977967 0.721 5E-09 1.08E-07
62.5 396.22 352.47 4807.2 109.88 7.64 59.1 4.19 19488 0.000525 1783873 0.721 4.7E-09 1.08E-07
68.5 400.32 356.92 4801.7 110.64 7.47 58.94 4.04 19307 0.000518 1710691 0.721 4.7E-09 1.07E-07
74.6 405.94 361.35 4758.9 106.71 7.42 56.32 4 19130 0.000507 1538950 0.721 4.3E-09 1.06E-07
80.6 414.48 365.72 4692.3 96.23 5.86 50.33 3.12 18960 0.000494 1459596 0.721 4.2E-09 1.04E-07
86.7 419.5 370.06 4691.7 94.9 5.58 49.19 2.98 18794 0.000488 1404339 0.721 4.2E-09 1.04E-07
92.7 423.83 374.4 4683 94.74 5.78 48.68 3.03 18633 0.000481 1277768 0.721 3.9E-09 1.03E-07
98.8 428.79 378.72 4659 93.05 5.43 47.39 2.83 18475 0.000473 1224821 0.721 3.9E-09 1.02E-07
104.8 433.11 383.02 4629.9 92.41 5.67 46.67 2.93 18322 0.000465 1112399 0.7211 3.6E-09 1.02E-07
110.9 437.71 387.37 4779.9 94.94 5.59 47.54 2.85 18170 0.000475 1107419 0.7211 3.7E-09 1.05E-07
116.9 434.69 391.38 3901.9 90.09 6.65 44.76 3.38 18033 0.000383 829830 0.7211 2.9E-09 8.5E-08
315
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
13 0.17 483 4.8 306 18768 0.000693 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 327.82 307.35 5066.7 247.58 35.02 147.87 20.99 18682 0.000735 3972237 0.7213 1.21E-08 1.57E-07
8.1 362.93 312.68 4877.4 97.07 5.84 57.21 3.52 18438 0.000695 3381607 0.7212 1.08E-08 1.51E-07
14.1 371.95 317.94 4926.1 91.21 4.98 53.07 2.97 18205 0.00069 3232466 0.7212 1.08E-08 1.52E-07
20.2 378.53 323.21 4907.2 88.71 4.86 50.97 2.86 17978 0.000676 2861623 0.7211 9.9E-09 1.51E-07
26.2 383.9 328.46 4891.2 88.24 4.7 50.08 2.74 17759 0.000663 2704898 0.7211 9.8E-09 1.49E-07
32.3 387.57 333.7 4881.6 90.63 5.09 50.82 2.92 17548 0.000652 2409461 0.7211 9.1E-09 1.49E-07
38.3 390.56 338.94 4887.5 94.68 5.39 52.46 3.07 17343 0.000642 2292172 0.7211 9E-09 1.48E-07
44.4 393.85 344.18 4883 98.3 5.96 53.83 3.33 17144 0.000632 2051520 0.721 8.4E-09 1.47E-07
50.4 399.63 349.38 4825.5 96.03 5.6 51.99 3.12 16952 0.000615 1930196 0.721 8.2E-09 1.45E-07
56.5 403.96 354.55 4824.4 97.63 5.95 52.28 3.24 16767 0.000606 1735685 0.721 7.7E-09 1.45E-07
62.5 408.86 359.71 4803.8 97.73 5.83 51.76 3.17 16587 0.000595 1648676 0.721 7.6E-09 1.43E-07
68.5 413.55 364.85 4797 98.51 6.09 51.61 3.25 16413 0.000585 1485960 0.721 7.1E-09 1.43E-07
74.6 419.92 369.96 4743.8 94.95 5.57 49.23 2.97 16244 0.000571 1404402 0.721 6.9E-09 1.41E-07
80.6 429.38 375 4668.2 85.84 4.78 44.05 2.51 16082 0.000554 1252190 0.721 6.4E-09 1.38E-07
86.7 435.06 380 4668.3 84.77 4.54 43.07 2.38 15925 0.000547 1199530 0.721 6.3E-09 1.37E-07
92.7 440.04 384.99 4657.7 84.61 4.67 42.56 2.4 15773 0.000538 1087776 0.7211 5.9E-09 1.37E-07
98.8 445.7 389.96 4629.7 83.05 4.4 41.37 2.26 15625 0.000528 1037253 0.7211 5.8E-09 1.35E-07
104.8 450.65 394.89 4595.3 82.41 4.52 40.67 2.28 15482 0.000518 938542 0.7211 5.4E-09 1.34E-07
110.9 455.88 399.89 4756.6 84.95 4.51 41.53 2.27 15339 0.000529 932813 0.7211 5.6E-09 1.38E-07
116.9 451.71 404.44 3764.6 79.65 5.27 38.6 2.6 15213 0.000414 676683 0.7212 4.2E-09 1.09E-07
316
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
14 0.59 1071 1.2 301 16895 0.001696 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 352.66 305.54 11281.5 239.43 29.03 142.9 17.44 16706 0.001847 1.1E+08 0.7246 4.92E-07 4.42E-07
8.1 438.56 318.65 10690.8 89.16 4.31 51.54 2.63 16181 0.001677 85176497 0.7241 4.23E-07 4.15E-07
14.1 463.84 331.43 10722.5 80.98 3.62 45.43 2.18 15709 0.001616 66084689 0.7237 3.64E-07 4.12E-07
20.2 481.87 344.19 10642.8 77.3 3.3 42.15 1.9 15271 0.001544 54575580 0.7234 3.31E-07 4.05E-07
26.2 496.22 356.87 10592.8 76.01 3.19 40.34 1.78 14866 0.001482 45527411 0.7232 3.03E-07 3.99E-07
32.3 506.51 369.48 10538.4 76.91 3.27 39.76 1.81 14488 0.001423 38218240 0.723 2.78E-07 3.93E-07
38.3 514.34 382.05 10514 79.48 3.58 40.07 1.93 14136 0.001373 30671418 0.7229 2.42E-07 3.88E-07
44.4 522.51 394.6 10517.1 82.22 3.78 40.46 1.95 13806 0.001329 26237098 0.7228 2.25E-07 3.85E-07
50.4 536.18 407.05 10369.8 80.31 3.62 38.61 1.82 13498 0.00127 22245670 0.7227 2.06E-07 3.76E-07
56.5 546.29 419.42 10376.8 81.79 3.73 38.45 1.85 13209 0.001233 19241554 0.7227 1.92E-07 3.73E-07
62.5 557.73 431.74 10315.1 81.87 3.75 37.66 1.86 12936 0.00119 16606585 0.7227 1.78E-07 3.68E-07
68.5 569.1 444.01 10312.9 82.45 3.91 37.14 1.86 12679 0.001157 13825581 0.7227 1.59E-07 3.65E-07
74.6 582.56 456.18 10156 80.36 3.73 35.47 1.72 12437 0.001108 11940525 0.7228 1.46E-07 3.56E-07
80.6 600.44 468.14 9998.9 75.58 3.33 32.72 1.51 12210 0.001063 10358635 0.7229 1.35E-07 3.48E-07
86.7 612.47 480 10012.4 75.58 3.31 32.1 1.49 11996 0.001038 9174614 0.723 1.27E-07 3.46E-07
92.7 624.2 491.83 9968.2 75.31 3.29 31.4 1.47 11791 0.001008 8104618 0.7232 1.19E-07 3.42E-07
98.8 636.75 503.58 9903.1 74.37 3.38 30.46 1.49 11598 0.000977 6883131 0.7234 1.07E-07 3.37E-07
104.8 648.46 515.2 9785.5 73.43 3.29 29.56 1.4 11414 0.000944 6081541 0.7235 9.99E-08 3.31E-07
110.9 659.84 526.8 9916.2 74.54 3.33 29.5 1.38 11238 0.000935 5524311 0.7237 9.57E-08 3.33E-07
116.9 638.11 537.04 7497.1 74.18 4.42 28.93 1.77 11088 0.000693 3782708 0.7239 6.86E-08 2.5E-07
317
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
15 0.59 1490 1.2 301 16767 0.002356 N2
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 371.33 307.27 15741.6 245.74 29.8 146.04 17.84 16504 0.002582 1.5E+08 0.7245 6.97E-07 6.26E-07
8.1 491.79 325.64 14805.9 89.11 4.24 50.67 2.5 15795 0.00229 1.02E+08 0.7239 5.52E-07 5.8E-07
14.1 530.14 343.46 14808.6 79.32 3.39 43.32 1.95 15176 0.00217 75884387 0.7234 4.7E-07 5.72E-07
20.2 556.98 361.22 14707.3 75.13 3.09 39.51 1.77 14617 0.002048 56947005 0.7231 4.01E-07 5.61E-07
26.2 578.38 378.89 14655.4 73.47 2.93 37.27 1.59 14112 0.001945 46007259 0.7229 3.66E-07 5.51E-07
32.3 593.95 396.47 14578.5 73.82 2.98 36.2 1.54 13652 0.001848 35551315 0.7227 3.17E-07 5.41E-07
38.3 605.95 413.97 14538.6 75.73 3.16 35.95 1.59 13230 0.001764 27898992 0.7227 2.77E-07 5.33E-07
44.4 617.36 431.42 14534.8 78.17 3.32 35.98 1.66 12842 0.001691 23279320 0.7227 2.56E-07 5.27E-07
50.4 635.01 448.72 14323.6 76.89 3.27 34.36 1.54 12485 0.001602 18429045 0.7228 2.23E-07 5.13E-07
56.5 648.11 465.87 14330.8 78.64 3.44 34.16 1.57 12156 0.001543 14963346 0.7229 1.98E-07 5.08E-07
62.5 662.28 482.92 14204.9 79.2 3.56 33.48 1.62 11851 0.001474 12145460 0.7231 1.76E-07 4.98E-07
68.5 676.04 499.88 14234.8 80.8 3.62 33.28 1.56 11567 0.001427 10468593 0.7233 1.64E-07 4.93E-07
74.6 692.47 516.66 13979 79.51 3.59 31.94 1.51 11302 0.001355 8545479 0.7236 1.45E-07 4.79E-07
80.6 712.48 533.12 13756.5 76.7 3.35 30.08 1.42 11058 0.001291 7324086 0.7238 1.34E-07 4.67E-07
86.7 727.49 549.41 13762.3 77.28 3.42 29.61 1.37 10830 0.001253 6177822 0.7242 1.22E-07 4.63E-07
92.7 742.66 565.6 13676.9 77.24 3.5 28.94 1.39 10614 0.001208 5207574 0.7245 1.1E-07 4.55E-07
98.8 758.77 581.64 13576.2 76.64 3.39 28.1 1.31 10412 0.001165 4568321 0.7249 1.03E-07 4.48E-07
104.8 774.76 597.45 13362.8 75.37 3.38 27.06 1.27 10222 0.001116 3856510 0.7252 9.23E-08 4.37E-07
110.9 789.01 613.12 13422 76.31 3.4 26.86 1.27 10043 0.001091 3452044 0.7256 8.77E-08 4.35E-07
116.9 746.15 626.95 10292.8 86.35 5.86 29.86 2.07 9892 0.000818 2311085 0.726 6.18E-08 3.31E-07
318
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
16 0.59 1989 1.2 301 16806 0.003098 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 393.19 309.38 21039.7 251.03 30.71 148.4 18.34 16456 0.00342 1.96E+08 0.7245 9.21E-07 8.31E-07
8.1 555.27 333.83 19701.9 88.97 4.19 49.65 2.44 15538 0.002965 1.18E+08 0.7237 6.73E-07 7.63E-07
14.1 611.52 357.46 19660.7 77.39 3.19 41.01 1.79 14765 0.002761 83528052 0.7232 5.69E-07 7.48E-07
20.2 650.84 380.96 19476.5 72.17 2.81 36.46 1.57 14088 0.002564 60154337 0.7229 4.81E-07 7.28E-07
26.2 682.39 404.27 19378.5 69.67 2.65 33.67 1.37 13491 0.002403 42235759 0.7227 3.92E-07 7.12E-07
32.3 704.64 427.4 19229.1 69.36 2.64 32.15 1.3 12959 0.002254 31783191 0.7227 3.39E-07 6.96E-07
38.3 721.66 450.34 19116.9 70.46 2.73 31.4 1.31 12482 0.002125 24349859 0.7228 2.95E-07 6.81E-07
44.4 735.96 473.15 19103.5 72.69 2.93 31.21 1.37 12051 0.00202 18208475 0.723 2.49E-07 6.7E-07
50.4 756.23 495.72 18806.6 72.19 2.91 29.92 1.28 11662 0.001896 14221672 0.7232 2.17E-07 6.51E-07
56.5 770.98 518.06 18822.8 74.42 3.08 29.83 1.3 11307 0.001815 11425289 0.7236 1.94E-07 6.42E-07
62.5 786.18 540.21 18620.2 75.7 3.2 29.39 1.31 10982 0.00172 9165759 0.724 1.72E-07 6.27E-07
68.5 800.19 562.19 18675.7 78.47 3.41 29.54 1.37 10683 0.001656 7525070 0.7244 1.55E-07 6.2E-07
74.6 817.9 583.91 18303.4 78.22 3.44 28.59 1.36 10408 0.001561 6092155 0.7249 1.37E-07 6E-07
80.6 839.91 605.15 18017.5 76.75 3.43 27.29 1.31 10157 0.001481 4835406 0.7254 1.18E-07 5.83E-07
86.7 856.52 626.18 18086.2 78.52 3.57 27.18 1.31 9923 0.001435 4082429 0.726 1.08E-07 5.79E-07
92.7 874.58 647.11 17988.3 79.08 3.63 26.68 1.29 9704 0.00138 3436368 0.7265 9.81E-08 5.69E-07
98.8 894.22 667.83 17898.2 79.06 3.64 26.02 1.26 9500 0.001329 2911934 0.7271 8.94E-08 5.6E-07
104.8 914.05 688.23 17579.3 77.85 3.58 25.01 1.21 9309 0.001265 2451427 0.7277 8.06E-08 5.44E-07
110.9 928.89 708.25 17381.2 78.78 3.73 24.74 1.23 9132 0.001214 2090610 0.7282 7.34E-08 5.32E-07
116.9 850.95 726.02 13768.5 110.2 9.01 33.94 2.84 8982 0.000937 1477836 0.7288 5.49E-08 4.17E-07
319
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
17 0.57 1606 0.9 301 11887 0.003271 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 391.49 310.7 17043 210.96 21.92 124.33 13.06 11605 0.003899 1.39E+08 0.7243 2.15E-06 1.34E-06
8.1 559.82 338.44 15648.2 70.68 2.74 39.04 1.6 10881 0.003283 84671243 0.7235 1.64E-06 1.21E-06
14.1 632.71 364.83 15438.6 57.63 1.88 30.08 1.05 10290 0.003002 54837840 0.723 1.29E-06 1.17E-06
20.2 688.99 390.8 15164.7 50.86 1.51 25.21 0.84 9783 0.002751 38660264 0.7227 1.08E-06 1.12E-06
26.2 742.93 416.23 14839.6 45.42 1.26 21.48 0.65 9345 0.002525 26506615 0.7226 8.65E-07 1.08E-06
32.3 784.41 441.08 14514.6 42.28 1.12 19.14 0.58 8963 0.002329 19567345 0.7227 7.37E-07 1.04E-06
38.3 823.25 465.32 14188.1 39.64 1.02 17.24 0.5 8627 0.002157 14084666 0.7228 6.04E-07 0.000001
44.4 856.06 489.12 14065.6 38.33 0.97 16.05 0.45 8328 0.002033 10941175 0.7231 5.29E-07 9.76E-07
50.4 897.12 512.28 13503.8 35.09 0.86 14.19 0.41 8062 0.001862 8357662 0.7235 4.52E-07 9.24E-07
56.5 922.44 534.9 13522.6 34.89 0.86 13.65 0.39 7823 0.001784 6494905 0.7239 3.89E-07 9.12E-07
62.5 942.86 557.26 13287.7 34.46 0.85 13.06 0.36 7604 0.001681 5206885 0.7243 3.44E-07 8.84E-07
68.5 949.82 579.43 13390.9 36.15 0.91 13.3 0.37 7402 0.001628 4319558 0.7248 3.12E-07 8.8E-07
74.6 956.93 601.22 12943.8 36.39 0.95 13 0.37 7217 0.001515 3468786 0.7253 2.73E-07 8.39E-07
80.6 958.88 622.47 12836.5 38.16 1.03 13.27 0.4 7048 0.001449 2884730 0.7259 2.46E-07 8.22E-07
86.7 950.74 643.86 13239.1 43.14 1.25 14.61 0.47 6888 0.001443 2507851 0.7264 2.32E-07 8.38E-07
92.7 945.05 665.65 13430 48.07 1.55 15.86 0.57 6735 0.001414 2087796 0.727 2.08E-07 8.4E-07
98.8 949.05 687.57 13529.4 51.74 1.75 16.64 0.6 6590 0.001377 1789769 0.7276 1.92E-07 8.36E-07
104.8 957.42 709.25 13255.3 53.41 1.88 16.76 0.62 6454 0.001306 1501285 0.7283 1.73E-07 8.1E-07
110.9 960.66 730.43 13038.9 56.64 2.13 17.36 0.68 6328 0.001246 1272896 0.7289 1.57E-07 7.88E-07
116.9 847.72 748.98 10083.2 102.12 8.87 30.68 2.69 6223 0.000938 861502 0.7294 1.12E-07 6.03E-07
320
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
18 0.58 1142 0.7 301 10023 0.002509 N2
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 370.19 308.98 12119.4 198.02 19.56 117.19 11.73 9822 0.003308 1.11E+08 0.7244 3.06E-06 1.35E-06
8.1 505.71 332.29 11034.4 63.63 2.33 35.63 1.41 9297 0.002798 65718635 0.7237 2.18E-06 1.2E-06
14.1 565.71 354.36 10879.2 51.47 1.58 27.46 0.92 8861 0.002585 46620109 0.7232 1.82E-06 1.17E-06
20.2 613.71 376.07 10682.9 44.95 1.25 22.94 0.7 8480 0.00239 33735157 0.7229 1.53E-06 1.13E-06
26.2 661.36 397.34 10450 39.58 1.01 19.38 0.56 8145 0.002212 24846869 0.7227 1.3E-06 1.09E-06
32.3 700.62 418.12 10217.3 36.17 0.88 17.04 0.47 7850 0.002054 18647870 0.7227 1.11E-06 1.05E-06
38.3 740.04 438.31 9887 32.77 0.77 14.9 0.4 7588 0.001895 14099784 0.7227 9.39E-07 9.99E-07
44.4 775.02 457.94 9689.5 30.56 0.7 13.45 0.35 7354 0.001776 10967007 0.7228 8.13E-07 9.66E-07
50.4 820.58 476.78 9144.5 26.6 0.58 11.36 0.29 7147 0.001609 8342579 0.723 6.82E-07 9.01E-07
56.5 854.31 494.96 9066.4 25.23 0.55 10.47 0.27 6961 0.001536 6755120 0.7232 6.04E-07 8.83E-07
62.5 886.36 512.72 8760.9 23.45 0.49 9.47 0.26 6791 0.001432 5605767 0.7235 5.46E-07 8.43E-07
68.5 910.76 530.1 8731.8 22.94 0.48 9.03 0.22 6635 0.001379 4648023 0.7238 4.9E-07 8.32E-07
74.6 938.88 546.79 8117.6 20.7 0.44 7.96 0.2 6493 0.001242 3632295 0.7241 4.12E-07 7.65E-07
80.6 967.44 562.43 7711.4 19.04 0.41 7.17 0.19 6368 0.001147 3042548 0.7244 3.69E-07 7.2E-07
86.7 987.55 577.74 7818.8 19.08 0.41 7.03 0.18 6251 0.001131 2638851 0.7248 3.41E-07 7.24E-07
92.7 1005.51 593.01 7723.1 18.72 0.4 6.76 0.18 6140 0.001087 2318496 0.7251 3.18E-07 7.08E-07
98.8 1022.21 608.09 7660.3 18.5 0.4 6.55 0.16 6036 0.001051 1985467 0.7255 2.89E-07 6.97E-07
104.8 1037.17 622.75 7344.8 17.72 0.38 6.16 0.16 5939 0.000983 1708736 0.7259 2.63E-07 6.62E-07
110.9 1035.63 636.7 6972 17.48 0.41 5.97 0.17 5850 0.000912 1418217 0.7262 2.29E-07 6.24E-07
116.9 863.86 648.28 4946 22.94 1.08 7.73 0.38 5779 0.000635 921219 0.7266 1.55E-07 4.4E-07
321
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
19 0.58 878 0.5 301 7563 0.002398 N2
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 364.5 309.21 9340.9 168.95 14.56 99.94 8.75 7407 0.003376 83991610 0.7244 6.06E-06 1.82E-06
8.1 495.65 332.78 8327.1 51.13 1.62 28.6 0.99 7007 0.002794 48415022 0.7236 4.23E-06 1.6E-06
14.1 563.65 354.68 8078.6 38.66 1 20.61 0.59 6682 0.002542 33859007 0.7232 3.48E-06 1.52E-06
20.2 622.96 375.84 7778.5 31.48 0.72 16.07 0.42 6402 0.002308 24142246 0.7229 2.88E-06 1.44E-06
26.2 677.87 396.22 7498.5 26.62 0.57 13.06 0.32 6159 0.002109 17648423 0.7227 2.4E-06 1.37E-06
32.3 720.29 415.82 7208.7 23.68 0.49 11.2 0.27 5947 0.001931 13135679 0.7226 2.02E-06 1.3E-06
38.3 756.46 434.62 6916 21.49 0.44 9.84 0.24 5760 0.001772 9938552 0.7227 1.7E-06 1.23E-06
44.4 784.82 452.83 6780.9 20.42 0.42 9.07 0.24 5594 0.001666 7800798 0.7228 1.48E-06 1.19E-06
50.4 819.97 470.28 6373.3 18.23 0.37 7.86 0.19 5445 0.001507 6220483 0.7229 1.29E-06 1.11E-06
56.5 843.07 487.2 6399.7 17.98 0.36 7.55 0.18 5311 0.00146 5125931 0.7231 1.16E-06 1.1E-06
62.5 863.37 503.85 6201.8 17.25 0.36 7.06 0.18 5187 0.001367 4113541 0.7233 1.01E-06 1.05E-06
68.5 875.71 520.27 6251.6 17.59 0.36 7.03 0.17 5072 0.001334 3600782 0.7236 9.52E-07 1.05E-06
74.6 893.14 536.09 5771.7 16.16 0.35 6.31 0.16 4967 0.001195 2799467 0.7239 7.95E-07 9.62E-07
80.6 911.27 550.89 5511.7 15.29 0.33 5.85 0.15 4874 0.001109 2362824 0.7242 7.15E-07 9.1E-07
86.7 923.97 565.51 5655.9 15.78 0.35 5.91 0.15 4787 0.001108 2075304 0.7245 6.68E-07 9.26E-07
92.7 935.78 580.24 5627.8 15.83 0.34 5.82 0.15 4703 0.001074 1837962 0.7248 6.28E-07 9.14E-07
98.8 947.95 594.87 5612.3 15.9 0.35 5.73 0.16 4623 0.001044 1581346 0.7252 5.73E-07 9.03E-07
104.8 960.64 609.14 5382 15.31 0.34 5.42 0.14 4549 0.000977 1360888 0.7255 5.21E-07 8.59E-07
110.9 960.44 622.77 5139.6 15.22 0.36 5.29 0.15 4481 0.000912 1172750 0.7259 4.73E-07 8.14E-07
116.9 809.33 633.58 3229.7 18.38 1.02 6.3 0.36 4429 0.000563 675754 0.7262 2.83E-07 5.08E-07
322
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
20 0.58 617 0.5 301 7534 0.001723 N2
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 346.39 306.91 6552.4 165.98 14.93 98.74 8.97 7424 0.002395 60773060 0.7245 4.35E-06 1.29E-06
8.1 438.19 323.58 5905.7 51.53 1.73 29.44 1.06 7133 0.002046 40326970 0.7239 3.32E-06 1.15E-06
14.1 481.51 339.24 5784.1 40.65 1.12 22.41 0.7 6884 0.00191 31777886 0.7235 2.95E-06 1.11E-06
20.2 518.29 354.51 5623.5 34.34 0.87 18.31 0.52 6661 0.001776 23750519 0.7232 2.47E-06 1.07E-06
26.2 554.93 369.4 5488.5 29.58 0.68 15.3 0.42 6462 0.001663 19159235 0.7229 2.21E-06 1.03E-06
32.3 586.12 383.91 5355 26.48 0.6 13.3 0.35 6281 0.00156 14793456 0.7228 1.88E-06 9.94E-07
38.3 616.59 398.02 5189.8 23.74 0.51 11.61 0.29 6118 0.001458 12111896 0.7227 1.69E-06 9.53E-07
44.4 643.15 411.77 5088.4 21.99 0.48 10.48 0.29 5969 0.001381 9624547 0.7227 1.46E-06 9.26E-07
50.4 677.27 424.95 4776.8 18.93 0.4 8.81 0.22 5835 0.001256 7782137 0.7226 1.27E-06 8.61E-07
56.5 700.87 437.68 4756 18.07 0.37 8.23 0.2 5712 0.001214 6725119 0.7227 1.18E-06 8.5E-07
62.5 722.37 450.12 4568.7 16.78 0.35 7.48 0.19 5599 0.001133 5640613 0.7227 1.06E-06 8.1E-07
68.5 737.5 462.24 4533.3 16.47 0.34 7.2 0.19 5494 0.001095 4866367 0.7228 9.79E-07 7.97E-07
74.6 755.8 473.81 4164.8 14.77 0.33 6.34 0.17 5398 0.000981 3824901 0.7229 8.17E-07 7.27E-07
80.6 775.26 484.57 3928.9 13.52 0.31 5.7 0.15 5313 0.000904 3220989 0.7231 7.27E-07 6.81E-07
86.7 790.23 495.02 3950.8 13.38 0.3 5.55 0.15 5234 0.00089 2904172 0.7232 6.9E-07 6.8E-07
92.7 802.5 505.43 3901.8 13.13 0.3 5.36 0.14 5158 0.00086 2578544 0.7234 6.44E-07 6.67E-07
98.8 814.33 515.69 3848.5 12.89 0.3 5.18 0.14 5086 0.000831 2293683 0.7235 6.01E-07 6.54E-07
104.8 825.25 525.68 3713.5 12.4 0.29 4.91 0.13 5019 0.000787 2003266 0.7237 5.49E-07 6.27E-07
110.9 827.88 535.44 3688.5 12.61 0.3 4.93 0.14 4955 0.000767 1806929 0.7239 5.17E-07 6.19E-07
116.9 726.03 542.48 1654.2 9.01 0.69 3.49 0.27 4910 0.000339 777617 0.724 2.3E-07 2.77E-07
323
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
21 0.17 202 6.1 304 3184 0.000314 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 309.25 304.64 2140.5 464.99 177.16 46.44 17.74 3178 0.000332 4950 0.6633 7E-09 4.17E-07
8.1 320.63 307.06 2081.1 153.39 19.9 15.24 2.03 3161 0.00032 4697 0.6633 6.7E-09 4.05E-07
14.1 324.34 309.45 2084.2 140.01 16.56 13.83 1.71 3144 0.000318 4593 0.6632 6.7E-09 4.04E-07
20.2 326.79 311.84 2078.6 139.03 16.44 13.66 1.68 3128 0.000315 4192 0.6632 6.2E-09 4.02E-07
26.2 328.96 314.21 2068.5 140.24 16.77 13.71 1.69 3112 0.000311 4076 0.6632 6.2E-09 3.99E-07
32.3 330.31 316.58 2066.6 150.5 19.3 14.64 1.92 3096 0.000308 3980 0.6631 6.1E-09 3.98E-07
38.3 331.66 318.95 2070.6 162.97 22.57 15.77 2.25 3080 0.000306 3897 0.6631 6.1E-09 3.98E-07
44.4 333.06 321.32 2061.7 175.58 26.39 16.9 2.61 3064 0.000303 3558 0.6631 5.7E-09 3.95E-07
50.4 335.53 323.67 2042.5 172.2 25.58 16.49 2.5 3049 0.000298 3448 0.6631 5.6E-09 3.91E-07
56.5 337.37 326.01 2042 179.71 27.83 17.13 2.7 3034 0.000296 3372 0.663 5.6E-09 3.9E-07
62.5 339.47 328.35 2041.2 183.58 29.04 17.41 2.81 3019 0.000293 3297 0.663 5.5E-09 3.89E-07
68.5 341.66 330.69 2035 185.45 29.87 17.5 2.9 3004 0.000291 3024 0.663 5.2E-09 3.87E-07
74.6 344.35 333.01 2021.8 178.35 27.75 16.75 2.66 2990 0.000287 2941 0.663 5.1E-09 3.83E-07
80.6 348.77 335.31 1989.8 147.8 19.37 13.81 1.85 2976 0.00028 2835 0.6629 5E-09 3.77E-07
86.7 351.19 337.59 1986.8 146.04 18.93 13.58 1.81 2962 0.000278 2772 0.6629 5E-09 3.75E-07
92.7 353.23 339.86 1983.3 148.44 19.58 13.74 1.88 2949 0.000276 2710 0.6629 4.9E-09 3.74E-07
98.8 355.65 342.13 1970.3 145.74 19.08 13.43 1.82 2935 0.000272 2488 0.6629 4.6E-09 3.71E-07
104.8 358.02 344.38 1955.6 143.35 18.57 13.15 1.74 2922 0.000268 2420 0.6629 4.5E-09 3.67E-07
110.9 360.23 346.67 2044.9 150.81 19.71 13.77 1.84 2909 0.000279 2480 0.6628 4.7E-09 3.83E-07
116.9 361.08 348.79 1646.7 133.95 19.36 12.18 1.8 2896 0.000223 1960 0.6628 3.8E-09 3.08E-07
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
22 0.18 396 6.1 304 3196 0.00061 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 315.81 305.7 4199.9 415.43 101.37 41.39 10.17 3185 0.000646 9861 0.6633 1.38E-08 8.11E-07
8.1 337.78 310.42 4083 149.26 13.57 14.71 1.45 3152 0.000618 8565 0.6632 1.24E-08 7.84E-07
14.1 345.52 315.08 4085.5 134.23 10.97 13.1 1.13 3120 0.000609 8191 0.6632 1.23E-08 7.81E-07
20.2 350.8 319.73 4070.3 131.03 10.49 12.66 1.12 3088 0.000598 7800 0.6631 1.21E-08 7.75E-07
26.2 355.32 324.37 4051 130.88 10.52 12.52 1.07 3058 0.000587 6970 0.6631 1.12E-08 7.68E-07
32.3 358.1 328.99 4046.6 139.01 11.86 13.16 1.21 3029 0.000578 6666 0.663 1.11E-08 7.64E-07
38.3 360.84 333.6 4045.5 148.51 13.55 13.93 1.34 3000 0.00057 6006 0.663 1.03E-08 7.6E-07
44.4 363.67 338.21 4036.2 158.54 15.44 14.73 1.51 2972 0.000561 5745 0.6629 1.02E-08 7.55E-07
50.4 368.69 342.8 4006.1 154.77 14.86 14.24 1.44 2944 0.000549 5159 0.6629 9.4E-09 7.46E-07
56.5 372.48 347.37 4003.3 159.42 15.75 14.54 1.5 2918 0.000542 4951 0.6628 9.3E-09 7.43E-07
62.5 376.75 351.93 3993.6 160.94 16.13 14.55 1.55 2891 0.000533 4474 0.6628 8.7E-09 7.38E-07
68.5 381.14 356.48 3984.9 161.63 16.28 14.48 1.52 2866 0.000526 4292 0.6628 8.6E-09 7.33E-07
74.6 386.58 361.01 3952.2 154.57 15.05 13.73 1.44 2841 0.000515 3874 0.6627 8E-09 7.25E-07
80.6 394.9 365.49 3887.7 132.15 11.18 11.63 1.04 2817 0.0005 3670 0.6627 7.8E-09 7.1E-07
86.7 399.65 369.92 3882.3 130.56 10.92 11.4 1.04 2794 0.000493 3531 0.6627 7.7E-09 7.07E-07
92.7 403.89 374.34 3869.5 130.96 11.04 11.34 1.01 2771 0.000486 3209 0.6626 7.2E-09 7.02E-07
98.8 408.67 378.74 3841.5 128.33 10.67 11.02 0.98 2749 0.000477 3073 0.6626 7.1E-09 6.94E-07
104.8 413.44 383.1 3806.6 125.46 10.31 10.69 0.95 2727 0.000467 2790 0.6626 6.6E-09 6.85E-07
110.9 417.95 387.53 3961.2 130.23 10.74 11.01 0.96 2706 0.000481 2803 0.6626 6.8E-09 7.11E-07
116.9 419.7 391.58 3128.1 111.23 10.02 9.34 0.92 2686 0.000376 2036 0.6625 5.1E-09 5.59E-07
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
23 0.18 783 6.1 304 3235 0.001178 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 327.49 307.21 8312.5 409.95 85.51 40.7 8.58 3212 0.001256 19654 0.6633 2.66E-08 1.56E-06
8.1 368.82 316.46 8090 154.5 12.55 15.03 1.3 3147 0.001187 16364 0.6631 2.38E-08 1.51E-06
14.1 385.03 325.57 8082.1 135.93 9.74 12.96 1 3087 0.001153 14057 0.663 2.18E-08 1.49E-06
20.2 396.98 334.66 8040.7 129.04 8.84 12.08 0.9 3029 0.001116 12088 0.6629 2E-08 1.47E-06
26.2 407.35 343.71 7996.7 125.64 8.43 11.54 0.85 2974 0.001081 10446 0.6629 1.84E-08 1.45E-06
32.3 414.32 352.71 7976.2 129.47 8.97 11.68 0.9 2921 0.001051 9074 0.6628 1.7E-08 1.44E-06
38.3 420.74 361.69 7959.8 134.82 9.74 11.96 0.97 2871 0.001022 7932 0.6627 1.58E-08 1.42E-06
44.4 426.74 370.67 7955.5 141.87 10.77 12.37 1.06 2823 0.000997 7353 0.6627 1.55E-08 1.41E-06
50.4 437.05 379.58 7853.1 136.66 10.12 11.72 0.96 2777 0.000961 6380 0.6626 1.42E-08 1.38E-06
56.5 444.66 388.43 7847.7 139.56 10.56 11.78 0.96 2733 0.000939 5637 0.6626 1.33E-08 1.37E-06
62.5 453.14 397.26 7805.5 139.69 10.63 11.61 0.95 2691 0.000913 4969 0.6625 1.24E-08 1.36E-06
68.5 461.63 406.05 7793.3 140.22 10.74 11.48 0.94 2651 0.000892 4406 0.6625 1.15E-08 1.35E-06
74.6 472.61 414.78 7694.5 133.05 9.78 10.73 0.85 2612 0.000862 3883 0.6625 1.07E-08 1.32E-06
80.6 487.5 423.39 7568.3 118.05 7.85 9.39 0.7 2575 0.000831 3417 0.6624 9.9E-09 1.29E-06
86.7 497.36 431.91 7557.6 115.48 7.53 9.05 0.69 2540 0.000813 3058 0.6624 9.3E-09 1.28E-06
92.7 506.56 440.42 7522.4 113.72 7.33 8.8 0.64 2506 0.000794 2867 0.6624 9.1E-09 1.27E-06
98.8 516.55 448.87 7471.9 110.4 6.96 8.43 0.59 2473 0.000774 2566 0.6624 8.5E-09 1.25E-06
104.8 526.57 457.25 7394.5 106.68 6.57 8.04 0.55 2441 0.000752 2296 0.6624 8E-09 1.23E-06
110.9 536.31 465.72 7622.5 107.98 6.59 8.03 0.55 2410 0.000761 2135 0.6624 7.7E-09 1.26E-06
116.9 539.5 473.27 5767.4 87.07 5.76 6.41 0.49 2384 0.000567 1475 0.6624 5.6E-09 9.51E-07
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
24 0.18 1041 6.2 304 3302 0.001516 He
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 334.07 308.09 11047.4 425.29 89.73 42.14 9 3272 0.001631 26087 0.6633 3.32E-08 1.99E-06
8.1 387.72 320.13 10745.8 158.98 12.95 15.34 1.39 3187 0.001527 21135 0.6631 2.94E-08 1.92E-06
14.1 409.68 331.99 10720.6 137.98 9.8 12.98 1.03 3108 0.00147 16641 0.663 2.52E-08 1.89E-06
20.2 426.46 343.79 10654.1 128.88 8.61 11.84 0.87 3035 0.001411 14012 0.6628 2.31E-08 1.86E-06
26.2 441.31 355.53 10588.4 123.43 7.95 11.08 0.78 2965 0.001356 11846 0.6628 2.11E-08 1.83E-06
32.3 451.8 367.2 10550.7 124.73 8.14 10.95 0.79 2900 0.001308 10115 0.6627 1.95E-08 1.8E-06
38.3 461.72 378.84 10516.9 126.89 8.45 10.9 0.81 2838 0.001264 8661 0.6626 1.79E-08 1.78E-06
44.4 471.18 390.45 10501.7 130.09 8.89 10.94 0.85 2780 0.001225 7479 0.6625 1.66E-08 1.76E-06
50.4 486.57 401.97 10340.9 122.22 7.97 10.07 0.76 2724 0.001171 6076 0.6625 1.45E-08 1.72E-06
56.5 498.23 413.38 10319.7 121.62 7.91 9.83 0.72 2672 0.001137 5302 0.6625 1.35E-08 1.7E-06
62.5 511.08 424.73 10236.4 118.55 7.57 9.4 0.67 2622 0.001098 4612 0.6624 1.25E-08 1.67E-06
68.5 524.18 436.03 10216.3 115.9 7.26 9.03 0.62 2575 0.001067 4046 0.6624 1.17E-08 1.66E-06
74.6 540.2 447.24 10064.7 108.27 6.43 8.29 0.55 2530 0.001025 3522 0.6624 1.08E-08 1.62E-06
80.6 560.08 458.27 9905.7 97.3 5.29 7.32 0.45 2488 0.000985 3077 0.6624 1E-08 1.58E-06
86.7 574.41 469.2 9893.7 94.04 4.96 6.96 0.42 2447 0.000961 2729 0.6624 9.4E-09 1.57E-06
92.7 588.01 480.11 9842.8 91.22 4.69 6.65 0.4 2408 0.000934 2427 0.6624 8.8E-09 1.55E-06
98.8 602.19 490.94 9775.4 87.87 4.39 6.3 0.38 2371 0.000907 2156 0.6624 8.3E-09 1.53E-06
104.8 616.18 501.68 9654 84.31 4.1 5.96 0.36 2336 0.000877 1913 0.6624 7.7E-09 1.5E-06
110.9 629.34 512.44 9839.1 84.17 4.03 5.86 0.36 2302 0.000875 1752 0.6624 7.4E-09 1.52E-06
116.9 630.07 521.82 7143.1 65.99 3.53 4.54 0.29 2273 0.000624 1158 0.6625 5.1E-09 1.1E-06
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
25 0.18 1355 6 304 3205 0.002009 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 341.77 309.38 14401 444.63 96.6 43.93 9.69 3166 0.002182 33474 0.6632 4.76E-08 2.76E-06
8.1 409.92 325.54 13986.2 165.76 13.87 15.81 1.4 3058 0.002014 24450 0.663 3.92E-08 2.64E-06
14.1 438.81 341.43 13935.6 143.1 10.39 13.21 1.08 2959 0.001914 18664 0.6629 3.35E-08 2.59E-06
20.2 461.77 357.24 13835.3 132.35 8.96 11.84 0.88 2869 0.001816 15209 0.6627 3.04E-08 2.53E-06
26.2 482.93 372.93 13733.1 124.84 8.04 10.84 0.79 2785 0.001727 11836 0.6626 2.62E-08 2.48E-06
32.3 499.29 388.51 13655.5 123.27 7.88 10.4 0.74 2707 0.001649 9849 0.6626 2.4E-08 2.44E-06
38.3 515.15 404.02 13586 122.25 7.79 10.04 0.72 2635 0.001578 7837 0.6625 2.09E-08 2.4E-06
44.4 530.31 419.47 13560.5 122.33 7.81 9.79 0.7 2567 0.001517 6641 0.6625 1.94E-08 2.36E-06
50.4 553.71 434.77 13330.3 112.08 6.68 8.75 0.59 2504 0.001439 5312 0.6624 1.69E-08 2.3E-06
56.5 571.82 449.93 13304 109.15 6.35 8.32 0.56 2446 0.001388 4556 0.6624 1.57E-08 2.27E-06
62.5 591.49 465.01 13185.1 104.24 5.85 7.76 0.5 2390 0.001331 3728 0.6624 1.39E-08 2.23E-06
68.5 611.27 479.99 13147.7 100.15 5.43 7.3 0.46 2338 0.001286 3235 0.6624 1.3E-08 2.2E-06
74.6 633.4 494.81 12896.8 93.06 4.78 6.64 0.41 2289 0.001223 2659 0.6624 1.15E-08 2.14E-06
80.6 657.81 509.37 12680.3 85.42 4.1 5.97 0.34 2243 0.001169 2294 0.6624 1.06E-08 2.08E-06
86.7 676.47 523.79 12655.9 82.89 3.88 5.68 0.34 2200 0.001134 1944 0.6625 9.6E-09 2.06E-06
92.7 693.8 538.15 12570.4 80.76 3.71 5.43 0.3 2159 0.001097 1705 0.6625 9E-09 2.03E-06
98.8 710.75 552.4 12464.2 78.71 3.56 5.2 0.3 2120 0.001059 1508 0.6625 8.5E-09 2E-06
104.8 727.01 566.47 12271.2 76.44 3.41 4.96 0.27 2083 0.001017 1277 0.6626 7.6E-09 1.95E-06
110.9 741.14 580.55 12459.8 77.59 3.47 4.95 0.27 2047 0.001008 1157 0.6626 7.3E-09 1.97E-06
116.9 732.81 592.65 8796.3 62.76 3.34 3.95 0.25 2018 0.000697 741 0.6627 4.9E-09 1.38E-06
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
26 0.18 1928 6.2 304 3381 0.002677 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 354.7 311.16 20512.3 471.15 107.22 46.37 10.7 3326 0.00293 45761 0.6632 5.5E-08 3.52E-06
8.1 447.53 332.97 19896.5 173.68 15.05 16.31 1.51 3175 0.002657 31822 0.6629 4.49E-08 3.35E-06
14.1 489.34 354.38 19782.3 146.58 10.79 13.18 1.05 3042 0.002482 23238 0.6628 3.8E-08 3.26E-06
20.2 524.63 375.64 19605.1 131.58 8.78 11.37 0.83 2922 0.002321 17230 0.6626 3.23E-08 3.18E-06
26.2 557.91 396.72 19466.3 120.77 7.46 10.04 0.69 2814 0.002183 13037 0.6625 2.78E-08 3.1E-06
32.3 585.77 417.66 19334.1 115 6.82 9.23 0.61 2716 0.00206 10004 0.6625 2.41E-08 3.03E-06
38.3 613.2 438.45 19202.7 109.89 6.27 8.53 0.55 2626 0.001949 7774 0.6624 2.1E-08 2.97E-06
44.4 638.32 459.14 19124.7 106.73 5.94 8.02 0.51 2543 0.001854 6141 0.6624 1.85E-08 2.92E-06
50.4 672.95 479.57 18744.4 96.93 5.01 7.07 0.43 2467 0.00174 4822 0.6624 1.61E-08 2.82E-06
56.5 699.15 499.77 18686.8 93.72 4.7 6.64 0.39 2397 0.001664 3896 0.6624 1.44E-08 2.78E-06
62.5 725.84 519.81 18440.6 89.5 4.35 6.17 0.36 2333 0.001579 3146 0.6625 1.28E-08 2.71E-06
68.5 750.37 539.69 18395.3 87.31 4.15 5.86 0.33 2272 0.001517 2579 0.6625 1.14E-08 2.67E-06
74.6 776.99 559.31 17961.5 82.51 3.79 5.41 0.3 2216 0.00143 2095 0.6626 1.01E-08 2.58E-06
80.6 805.01 578.51 17621.7 77.8 3.44 4.98 0.27 2165 0.001356 1725 0.6626 9E-09 2.51E-06
86.7 826.45 597.54 17639.5 77.06 3.37 4.82 0.26 2116 0.001314 1461 0.6627 8.3E-09 2.48E-06
92.7 846.02 616.51 17526.4 76.37 3.33 4.67 0.26 2070 0.001266 1230 0.6627 7.5E-09 2.45E-06
98.8 864.92 635.38 17427.3 75.92 3.31 4.55 0.27 2027 0.001221 1044 0.6628 6.8E-09 2.41E-06
104.8 883.24 654.04 17162.6 74.88 3.27 4.4 0.25 1986 0.001169 916 0.6629 6.4E-09 2.35E-06
110.9 897.51 672.55 17142.1 76.2 3.39 4.39 0.24 1948 0.001135 789 0.663 5.9E-09 2.33E-06
116.9 867.9 688.42 12253.1 68.27 3.92 3.87 0.26 1916 0.000793 491 0.6631 3.9E-09 1.65E-06
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
27 0.18 2332 6.2 304 3413 0.003193 He
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 363.98 312.56 24813.9 482.57 112.07 47.34 11.11 3347 0.003496 55217 0.6632 6.5E-08 4.18E-06
8.1 475.08 338.69 24049.6 176.32 15.46 16.36 1.55 3168 0.003128 36912 0.6629 5.25E-08 3.95E-06
14.1 527.46 364.31 23882 146.38 10.73 12.92 1.03 3012 0.002888 24661 0.6627 4.17E-08 3.84E-06
20.2 572.32 389.74 23676.8 129.68 8.51 10.92 0.82 2875 0.002677 17828 0.6625 3.53E-08 3.72E-06
26.2 614.91 414.96 23494.4 117.5 7.06 9.47 0.64 2753 0.002496 12539 0.6625 2.88E-08 3.63E-06
32.3 651.08 439.97 23281.7 110.29 6.28 8.54 0.57 2644 0.002333 9429 0.6624 2.49E-08 3.53E-06
38.3 685.45 464.77 23086.1 104.61 5.7 7.8 0.5 2545 0.00219 6893 0.6624 2.07E-08 3.44E-06
44.4 715.29 489.38 22948.9 101.59 5.41 7.3 0.45 2455 0.002068 5374 0.6624 1.83E-08 3.37E-06
50.4 754.08 513.66 22465.8 93.44 4.67 6.5 0.42 2374 0.001929 4020 0.6624 1.54E-08 3.25E-06
56.5 783.47 537.63 22372.9 91.01 4.46 6.13 0.35 2300 0.001835 3209 0.6625 1.37E-08 3.19E-06
62.5 812.32 561.4 22070.4 87.96 4.22 5.75 0.34 2231 0.001734 2573 0.6626 1.22E-08 3.11E-06
68.5 838.11 585 22071.3 87.2 4.15 5.54 0.34 2168 0.001664 2040 0.6626 1.06E-08 3.07E-06
74.6 866.24 608.32 21544.6 83.53 3.89 5.16 0.29 2109 0.001563 1650 0.6627 9.4E-09 2.96E-06
80.6 895.74 631.16 21169.6 80.01 3.63 4.82 0.27 2055 0.00148 1354 0.6628 8.5E-09 2.88E-06
86.7 918.39 653.81 21202.5 80.14 3.64 4.71 0.28 2005 0.001431 1145 0.6629 7.8E-09 2.85E-06
92.7 939.17 676.42 21086.2 80.25 3.67 4.6 0.27 1958 0.001376 933 0.663 6.9E-09 2.81E-06
98.8 959.85 698.92 20993.6 80.46 3.7 4.51 0.25 1914 0.001325 791 0.6631 6.3E-09 2.77E-06
104.8 980.08 721.2 20676.7 79.87 3.69 4.38 0.24 1872 0.001265 668 0.6632 5.8E-09 2.7E-06
110.9 995.29 743.25 20557.2 81.56 3.88 4.38 0.25 1833 0.001221 570 0.6633 5.3E-09 2.66E-06
116.9 947.34 762.24 14970.4 80.88 5.32 4.27 0.31 1800 0.000867 364 0.6634 3.6E-09 1.93E-06
330
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
28 0.19 1627 3.4 303 1894 0.003876 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 363.3 314.63 17345.7 356.36 61.47 34.8 6.1 1848 0.004377 39685 0.6631 3.57E-07 9.47E-06
8.1 478.02 347.23 16477.2 125.99 8.15 11.49 0.83 1727 0.003769 23182 0.6628 2.63E-07 8.73E-06
14.1 532.93 378.82 16286.3 105.68 5.82 9.08 0.6 1627 0.003416 14793 0.6626 2.06E-07 8.4E-06
20.2 575.47 410.04 16107.1 97.37 5.02 7.91 0.51 1540 0.003122 9818 0.6625 1.65E-07 8.11E-06
26.2 612.02 440.97 15983.1 93.44 4.67 7.22 0.46 1464 0.002881 6743 0.6624 1.35E-07 7.87E-06
32.3 640.96 471.64 15828 93.48 4.72 6.89 0.45 1397 0.002668 4738 0.6624 1.11E-07 7.64E-06
38.3 667.33 502.02 15693.2 94.93 4.91 6.7 0.44 1338 0.002485 3422 0.6624 9.32E-08 7.43E-06
44.4 690.32 532.21 15626.2 98.83 5.34 6.7 0.45 1285 0.002335 2527 0.6625 7.91E-08 7.27E-06
50.4 721.31 561.99 15265.4 95.82 5.13 6.26 0.41 1237 0.00216 1861 0.6626 6.63E-08 6.99E-06
56.5 744.99 591.37 15209.4 99.01 5.5 6.24 0.41 1193 0.002046 1426 0.6626 5.74E-08 6.86E-06
62.5 768.31 620.45 14959.7 101.17 5.82 6.17 0.41 1154 0.001918 1092 0.6628 4.94E-08 6.65E-06
68.5 789.49 649.27 14935.4 106.51 6.46 6.29 0.43 1118 0.00183 865 0.6629 4.36E-08 6.55E-06
74.6 815.17 677.62 14475 105.23 6.48 6.03 0.43 1085 0.001699 668 0.663 3.73E-08 6.27E-06
80.6 842.03 705.21 14152.6 103.44 6.39 5.76 0.43 1055 0.001597 544 0.6631 3.34E-08 6.06E-06
86.7 863 732.52 14176.7 108.65 7.04 5.9 0.43 1027 0.00154 445 0.6633 3E-08 6E-06
92.7 883.12 759.75 14071.2 114.06 7.81 6.03 0.46 1001 0.001474 363 0.6634 2.66E-08 5.89E-06
98.8 904.01 786.79 13976 119.23 8.58 6.16 0.52 977 0.001413 308 0.6635 2.46E-08 5.79E-06
104.8 925.03 813.46 13694.4 122.74 9.26 6.19 0.51 954 0.00134 251 0.6637 2.18E-08 5.62E-06
110.9 942.42 839.78 13614.3 132.65 10.92 6.54 0.59 933 0.00129 211 0.6638 1.97E-08 5.53E-06
116.9 901.33 861.05 8451.5 209.83 44.05 10.17 2.16 916 0.000781 115 0.6639 1.14E-08 3.41E-06
331
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
29 0.19 1107 3.4 304 2001 0.002543 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 343.84 310.78 11777.8 356.29 62.62 35.09 6.36 1969 0.002848 29725 0.6632 2.15E-07 5.79E-06
8.1 422.45 331.81 11265 124.28 8.04 11.7 0.9 1882 0.002552 20521 0.6629 1.73E-07 5.42E-06
14.1 458.98 352.28 11172.8 104.72 5.78 9.46 0.65 1807 0.002385 15061 0.6627 1.47E-07 5.28E-06
20.2 487.91 372.56 11051.6 95.81 4.91 8.32 0.54 1738 0.002231 11226 0.6626 1.25E-07 5.13E-06
26.2 513.36 392.64 10954.7 90.74 4.46 7.6 0.49 1676 0.002098 8535 0.6625 1.07E-07 5.01E-06
32.3 533.42 412.56 10879.4 90.02 4.43 7.29 0.47 1620 0.001984 6588 0.6624 9.32E-08 4.9E-06
38.3 552.09 432.35 10812.9 90.31 4.49 7.08 0.47 1568 0.001881 5152 0.6624 8.15E-08 4.8E-06
44.4 568.84 452.05 10774 92.25 4.69 7.01 0.48 1520 0.001793 4274 0.6624 7.51E-08 4.72E-06
50.4 593.21 471.52 10560 86.78 4.24 6.4 0.42 1476 0.001685 3362 0.6624 6.53E-08 4.57E-06
56.5 611.37 490.78 10549.6 87.48 4.32 6.28 0.39 1436 0.001618 2729 0.6624 5.83E-08 4.51E-06
62.5 629.27 509.9 10408.8 87.2 4.35 6.09 0.37 1398 0.001536 2206 0.6624 5.16E-08 4.4E-06
68.5 645.62 528.87 10378 88.88 4.53 6.05 0.37 1363 0.001477 1819 0.6625 4.65E-08 4.33E-06
74.6 664.31 547.56 10114.2 86.63 4.41 5.76 0.35 1330 0.00139 1478 0.6625 4.1E-08 4.18E-06
80.6 685.8 565.83 9907.7 82.59 4.1 5.37 0.34 1300 0.001318 1216 0.6626 3.65E-08 4.06E-06
86.7 701.48 583.92 9918.4 84.37 4.27 5.36 0.37 1272 0.001279 1064 0.6626 3.44E-08 4.02E-06
92.7 716.21 601.96 9848.5 86.2 4.49 5.36 0.34 1245 0.001232 899 0.6627 3.13E-08 3.96E-06
98.8 731.71 619.85 9763.7 87.29 4.64 5.32 0.33 1220 0.001186 760 0.6627 2.84E-08 3.89E-06
104.8 746.76 637.52 9602.4 87.9 4.78 5.26 0.34 1196 0.001134 642 0.6628 2.56E-08 3.79E-06
110.9 760.37 655.21 9784.4 93.04 5.29 5.46 0.4 1173 0.001124 563 0.6629 2.4E-08 3.83E-06
116.9 746.57 669.62 6001.2 77.98 6.25 4.51 0.39 1156 0.000675 316 0.6629 1.42E-08 2.34E-06
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
30 0.18 716 3.4 304 1817 0.001807 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 332.04 308.85 7616.6 328.41 55.41 32.49 5.61 1796 0.00204 18001 0.6632 1.79E-07 4.54E-06
8.1 388.8 323.81 7275.3 111.95 6.84 10.72 0.73 1739 0.001859 13074 0.6631 1.45E-07 4.28E-06
14.1 415.63 338.36 7214.8 93.37 4.83 8.67 0.53 1687 0.001765 10655 0.6629 1.31E-07 4.18E-06
20.2 436.17 352.77 7133.4 85.53 4.13 7.72 0.45 1640 0.001674 8242 0.6628 1.12E-07 4.08E-06
26.2 453.53 367.03 7065.7 81.69 3.81 7.17 0.4 1595 0.001593 6841 0.6627 1.02E-07 3.99E-06
32.3 466.36 381.17 7015.8 82.36 3.91 7.04 0.44 1554 0.001524 5425 0.6626 8.84E-08 3.92E-06
38.3 478.07 395.23 6974.6 84.19 4.1 7.02 0.4 1516 0.001461 4584 0.6625 8.13E-08 3.86E-06
44.4 488.76 409.21 6947.7 87.33 4.43 7.11 0.43 1480 0.001406 3897 0.6625 7.51E-08 3.8E-06
50.4 505.35 423 6783.1 82.37 4.05 6.55 0.4 1446 0.001328 3121 0.6624 6.51E-08 3.67E-06
56.5 517.59 436.61 6772.1 83.63 4.18 6.51 0.38 1415 0.001284 2694 0.6624 6.06E-08 3.63E-06
62.5 530 450.14 6694.2 83.83 4.25 6.39 0.39 1385 0.001232 2315 0.6624 5.6E-08 3.56E-06
68.5 541.74 463.58 6687.5 85.57 4.44 6.39 0.4 1357 0.001195 1930 0.6624 5E-08 3.52E-06
74.6 555.77 476.86 6535.8 82.83 4.25 6.06 0.36 1331 0.001135 1660 0.6624 4.6E-08 3.41E-06
80.6 573.57 489.84 6387.5 76.29 3.71 5.48 0.32 1306 0.00108 1431 0.6624 4.23E-08 3.31E-06
86.7 585.23 502.69 6402 77.56 3.83 5.47 0.35 1283 0.001055 1271 0.6624 4E-08 3.29E-06
92.7 595.86 515.52 6372.8 79.32 4.03 5.5 0.33 1261 0.001024 1082 0.6625 3.61E-08 3.25E-06
98.8 607.06 528.27 6325.2 80.28 4.15 5.47 0.32 1239 0.000992 957 0.6625 3.39E-08 3.2E-06
104.8 617.76 540.88 6235.1 81.11 4.29 5.44 0.34 1219 0.000955 842 0.6625 3.15E-08 3.13E-06
110.9 627.64 553.6 6427.5 86.82 4.8 5.73 0.39 1199 0.000962 757 0.6625 3E-08 3.21E-06
116.9 622.25 563.94 3863.3 66.25 4.89 4.31 0.36 1184 0.000568 412 0.6626 1.71E-08 1.92E-06
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
31 0.4 707 3.7 305 4383 0.000814 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 322.7 306.59 7501.8 465.78 111.77 46.26 11.22 4362 0.000837 88235 0.6628 4.19E-08 7.68E-07
8.1 350.84 312.77 7372.5 193.67 19.74 18.97 2.06 4303 0.000806 76390 0.6627 3.8E-08 7.5E-07
14.1 360.76 318.9 7388.8 176.53 16.36 17.06 1.74 4246 0.000793 72138 0.6626 3.76E-08 7.47E-07
20.2 367.81 325.05 7397.3 173 15.71 16.5 1.6 4191 0.000779 63962 0.6626 3.49E-08 7.43E-07
26.2 374.43 331.19 7390.1 170.94 15.38 16.1 1.62 4138 0.000764 56749 0.6625 3.23E-08 7.38E-07
32.3 379.28 337.33 7388.6 176.14 16.31 16.38 1.63 4086 0.00075 53643 0.6625 3.19E-08 7.34E-07
38.3 384.32 343.47 7388.1 180.87 17.21 16.61 1.7 4036 0.000736 47822 0.6624 2.97E-08 7.3E-07
44.4 388.88 349.61 7384.8 188.07 18.58 17.06 1.84 3987 0.000723 45269 0.6624 2.93E-08 7.25E-07
50.4 396.13 355.73 7332.2 181.5 17.43 16.27 1.66 3939 0.000706 40244 0.6623 2.71E-08 7.16E-07
56.5 401.5 361.83 7343 185.09 18.13 16.39 1.76 3894 0.000695 36138 0.6623 2.54E-08 7.14E-07
62.5 407.21 367.91 7305.4 185.9 18.34 16.28 1.71 3849 0.00068 34164 0.6622 2.49E-08 7.06E-07
68.5 411.54 373.98 7291 194.12 20.03 16.81 1.84 3806 0.000667 30710 0.6622 2.33E-08 7.02E-07
74.6 418.06 380.01 7229 189.98 19.3 16.27 1.79 3764 0.000651 28986 0.6622 2.28E-08 6.92E-07
80.6 427.31 385.99 7166.2 173.45 16.24 14.69 1.46 3724 0.000636 25979 0.6621 2.12E-08 6.83E-07
86.7 433.65 391.95 7178.5 172.18 16.01 14.43 1.49 3685 0.000627 23568 0.6621 2E-08 6.81E-07
92.7 439.65 397.92 7170.1 171.8 15.93 14.25 1.42 3646 0.000617 22477 0.6621 1.98E-08 6.77E-07
98.8 446.02 403.87 7158 169.82 15.61 13.94 1.39 3609 0.000607 20382 0.6621 1.86E-08 6.73E-07
104.8 452.35 409.81 7126.5 167.53 15.23 13.61 1.36 3573 0.000596 19401 0.6621 1.83E-08 6.67E-07
110.9 458.56 415.79 7279 170.22 15.5 13.69 1.33 3537 0.0006 18052 0.662 1.76E-08 6.78E-07
116.9 462.26 421.34 6069.7 148.33 14.13 11.82 1.25 3505 0.000493 14449 0.662 1.45E-08 5.63E-07
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
32 0.4 1814 3.7 304 4434 0.00201 He
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 347.17 309.48 19270.1 511.34 126.59 50.46 12.7 4382 0.002107 221681 0.6628 1.04E-07 1.92E-06
8.1 418.68 325.15 18847.8 201.51 20.12 19.22 2.03 4236 0.001962 163921 0.6626 8.61E-08 1.85E-06
14.1 447.65 340.63 18804.3 175.7 15.33 16.23 1.62 4103 0.001869 125681 0.6624 7.37E-08 1.82E-06
20.2 469.68 356.05 18713.9 164.69 13.53 14.75 1.32 3980 0.00178 103129 0.6623 6.71E-08 1.79E-06
26.2 489.59 371.39 18622.6 157.56 12.45 13.71 1.26 3866 0.001698 80657 0.6622 5.8E-08 1.76E-06
32.3 503.64 386.68 18564 158.72 12.66 13.43 1.17 3760 0.001626 67387 0.6621 5.33E-08 1.73E-06
38.3 516.93 401.92 18516.8 161.01 13.05 13.26 1.24 3661 0.00156 53873 0.6621 4.67E-08 1.71E-06
44.4 528.79 417.14 18519.8 165.88 13.84 13.31 1.2 3568 0.001504 45783 0.662 4.33E-08 1.69E-06
50.4 547.88 432.28 18313.3 158.43 12.76 12.4 1.16 3481 0.001435 36842 0.662 3.8E-08 1.65E-06
56.5 561.39 447.34 18318.3 160.62 13.1 12.28 1.09 3399 0.001387 31706 0.662 3.54E-08 1.63E-06
62.5 576.53 462.36 18223.8 159.62 13 11.93 1.13 3322 0.001336 26089 0.662 3.15E-08 1.61E-06
68.5 591.01 477.34 18216.3 160.25 13.1 11.71 1.04 3249 0.001293 22608 0.662 2.95E-08 1.59E-06
74.6 608.57 492.23 18013.4 154.83 12.34 11.08 1.02 3181 0.00124 19523 0.662 2.74E-08 1.56E-06
80.6 629.24 506.96 17832.2 145.83 11.05 10.22 0.85 3116 0.001192 16248 0.6621 2.45E-08 1.53E-06
86.7 645.29 521.62 17822.9 144.12 10.8 9.9 0.85 3055 0.001158 14300 0.6621 2.3E-08 1.52E-06
92.7 660.63 536.24 17760.9 142.79 10.64 9.63 0.8 2996 0.001123 12127 0.6621 2.09E-08 1.5E-06
98.8 677.03 550.82 17688.4 140.14 10.28 9.27 0.77 2941 0.001089 10705 0.6622 1.96E-08 1.48E-06
104.8 693.84 565.29 17520.3 136.29 9.81 8.86 0.74 2888 0.001051 9107 0.6622 1.78E-08 1.46E-06
110.9 710.18 579.76 17700.7 135.73 9.67 8.67 0.69 2837 0.001035 8212 0.6623 1.7E-08 1.46E-06
116.9 712.82 592.83 14095.8 117.48 9.15 7.39 0.66 2793 0.000806 5894 0.6623 1.29E-08 1.15E-06
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
33 0.4 2627 3.7 304 4516 0.002787 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 362.19 311.52 27944.4 551.48 146.2 54.17 14.54 4441 0.002981 305329 0.6627 1.36E-07 2.69E-06
8.1 461.09 333.83 27306.2 214.56 22.64 20.09 2.24 4236 0.002719 213257 0.6625 1.12E-07 2.57E-06
14.1 505.26 355.82 27174.3 181.84 16.33 16.29 1.57 4054 0.00254 155267 0.6623 9.49E-08 2.51E-06
20.2 541.08 377.7 27020.1 165.38 13.58 14.22 1.27 3891 0.002379 115024 0.6622 8.09E-08 2.45E-06
26.2 574.84 399.46 26883.4 153.29 11.74 12.68 1.09 3743 0.002239 86753 0.6621 6.97E-08 2.39E-06
32.3 602.32 421.11 26757.1 147.66 10.94 11.77 1.02 3609 0.002114 66471 0.662 6.05E-08 2.34E-06
38.3 629.82 442.66 26620.9 142.24 10.2 10.96 0.93 3486 0.002001 49242 0.662 5.05E-08 2.3E-06
44.4 655.23 464.13 26547.8 138.91 9.75 10.35 0.84 3374 0.001904 38872 0.662 4.46E-08 2.26E-06
50.4 691.29 485.4 26143.8 126.98 8.27 9.17 0.69 3270 0.001793 30615 0.662 3.91E-08 2.19E-06
56.5 719.71 506.47 26054.6 122.19 7.68 8.57 0.62 3175 0.001712 24641 0.6621 3.48E-08 2.16E-06
62.5 750.19 527.39 25769 115.66 6.95 7.89 0.55 3086 0.001627 19911 0.6621 3.1E-08 2.11E-06
68.5 779.17 548.16 25679.4 111.16 6.45 7.38 0.5 3004 0.00156 16325 0.6622 2.78E-08 2.08E-06
74.6 811.16 568.68 25159.3 103.76 5.72 6.71 0.44 2928 0.001473 13284 0.6622 2.47E-08 2.01E-06
80.6 845.39 588.85 24781.9 96.6 5.03 6.1 0.38 2858 0.001401 10949 0.6623 2.22E-08 1.96E-06
86.7 873.15 608.84 24740.4 93.6 4.74 5.78 0.35 2792 0.001353 9209 0.6624 2.02E-08 1.94E-06
92.7 898.86 628.75 24577.3 90.99 4.51 5.49 0.33 2729 0.001302 7759 0.6625 1.84E-08 1.91E-06
98.8 924.35 648.53 24433.1 88.59 4.3 5.23 0.31 2671 0.001255 6581 0.6626 1.68E-08 1.88E-06
104.8 949.03 668.12 24077.4 85.71 4.08 4.96 0.3 2616 0.0012 5556 0.6626 1.52E-08 1.84E-06
110.9 969.01 687.51 23962.3 85.12 4.05 4.83 0.3 2564 0.001161 4768 0.6627 1.4E-08 1.81E-06
116.9 934.29 704.57 18304.5 79.68 4.72 4.44 0.32 2520 0.000865 3277 0.6628 1.02E-08 1.37E-06
336
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
34 0.39 1956 2.5 304 2889 0.003143 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 358.89 312.62 20809.7 449.77 97.65 44.08 9.7 2833 0.00346 208317 0.6627 4.34E-07 4.88E-06
8.1 460.99 338.46 20116.9 164.18 13.49 15.23 1.37 2683 0.00309 139458 0.6625 3.5E-07 4.61E-06
14.1 509.15 363.76 19956.7 137.26 9.51 12.11 0.94 2553 0.002853 93229 0.6623 2.78E-07 4.47E-06
20.2 549.53 388.85 19780.2 123.1 7.73 10.37 0.75 2439 0.002646 67624 0.6621 2.36E-07 4.34E-06
26.2 587.07 413.73 19632.8 113.26 6.6 9.14 0.63 2336 0.002469 47691 0.6621 1.93E-07 4.23E-06
32.3 618.57 438.41 19469.4 108.07 6.06 8.38 0.55 2244 0.002311 35944 0.662 1.67E-07 4.12E-06
38.3 648.52 462.89 19309.3 104.02 5.67 7.77 0.54 2161 0.002171 26393 0.662 1.39E-07 4.02E-06
44.4 675.02 487.21 19213.6 102.3 5.5 7.37 0.46 2086 0.002053 20595 0.662 1.23E-07 3.94E-06
50.4 710.02 511.22 18819.8 94.67 4.81 6.6 0.42 2017 0.001916 16009 0.6621 1.07E-07 3.8E-06
56.5 736.37 534.94 18742.2 93.04 4.67 638 0.4 1954 0.001824 12353 0.6621 9.19E-08 3.73E-06
62.5 762.23 558.44 18485.9 90.71 4.49 5.95 0.35 1896 0.001724 9893 0.6622 8.16E-08 3.64E-06
68.5 785.43 581.75 18446.5 90.57 4.49 5.77 0.35 1843 0.001651 8112 0.6623 7.38E-08 3.58E-06
74.6 811.28 604.75 17972.7 87.02 4.24 5.4 0.35 1794 0.001548 6324 0.6624 6.31E-08 3.45E-06
80.6 838.91 627.24 17659.2 83.43 3.96 5.04 0.3 1748 0.001466 5202 0.6625 5.67E-08 3.35E-06
86.7 859.94 649.55 17674.1 84 4.01 4.96 0.28 1706 0.001417 4386 0.6626 5.19E-08 3.32E-06
92.7 879.13 671.8 17574.7 84.77 4.1 4.88 0.29 1666 0.001363 3691 0.6627 4.74E-08 3.27E-06
98.8 898.64 693.93 17479.5 85.39 4.18 4.81 0.3 1629 0.001312 3129 0.6628 4.34E-08 3.22E-06
104.8 917.89 715.83 17212.5 85.18 4.21 4.7 0.31 1594 0.001253 2641 0.6629 3.95E-08 3.14E-06
110.9 933.8 737.54 17174 87.5 4.47 4.72 0.31 1560 0.001213 2208 0.663 3.55E-08 3.11E-06
116.9 897.08 755.92 11946.9 84.64 6.11 4.49 0.38 1534 0.000823 1384 0.6631 2.36E-08 2.15E-06
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
35 0.38 1479 2.5 304 2833 0.002453 He
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 347.75 310.75 15740.7 425.43 88.04 41.86 8.82 2791 0.002684 153983 0.6628 3.38E-07 3.85E-06
8.1 426.95 330.69 15242.8 158.36 12.64 14.93 1.34 2675 0.002443 108850 0.6625 2.76E-07 3.65E-06
14.1 463.16 350.26 15162.2 134.3 9.15 12.17 0.96 2571 0.002295 85555 0.6624 2.49E-07 3.57E-06
20.2 493.23 369.69 15036.9 121.71 7.59 10.62 0.77 2477 0.002156 64138 0.6622 2.12E-07 3.48E-06
26.2 521.29 388.98 14934.8 112.87 6.59 9.51 0.64 2392 0.002036 48941 0.6622 1.82E-07 3.4E-06
32.3 544.63 408.14 14844.8 108.76 6.15 8.86 0.57 2314 0.001929 37884 0.6621 1.58E-07 3.34E-06
38.3 567.42 427.19 14760.8 105.26 5.8 8.31 0.52 2242 0.001833 29708 0.6621 1.38E-07 3.27E-06
44.4 588.47 446.15 14701.5 103.3 5.61 7.91 0.49 2175 0.001748 23588 0.662 1.22E-07 3.21E-06
50.4 618.11 464.91 14443.3 94.28 4.77 7.02 0.42 2114 0.001648 18693 0.662 1.06E-07 3.12E-06
56.5 640.54 483.48 14418.1 91.8 4.54 6.65 0.42 2057 0.001582 15183 0.6621 9.48E-08 3.08E-06
62.5 662.71 501.92 14238 88.55 4.27 6.25 0.38 2004 0.001505 12822 0.6621 8.75E-08 3E-06
68.5 682.38 520.22 14190.8 87.51 4.19 6.03 0.35 1955 0.001448 10556 0.6621 7.85E-08 2.96E-06
74.6 704.46 538.28 13870 83.46 3.89 5.61 0.31 1909 0.001368 8604 0.6622 6.94E-08 2.87E-06
80.6 728.72 555.96 13606.1 78.75 3.53 5.18 0.29 1866 0.001299 7083 0.6622 6.17E-08 2.78E-06
86.7 747.3 573.46 13599.3 78.23 3.49 5.03 0.3 1826 0.001259 6217 0.6623 5.83E-08 2.76E-06
92.7 764.09 590.92 13520.8 78.08 3.49 4.92 0.27 1788 0.001215 5250 0.6623 5.29E-08 2.72E-06
98.8 781.59 608.26 13431.5 77.49 3.46 4.79 0.26 1752 0.001172 4455 0.6624 4.81E-08 2.68E-06
104.8 798.3 625.43 13245.5 76.62 3.43 4.64 0.27 1719 0.001124 3778 0.6625 4.36E-08 2.62E-06
110.9 813.07 642.58 13403.4 78.62 3.58 4.67 0.26 1686 0.001107 3400 0.6626 4.19E-08 2.63E-06
116.9 796.08 657.04 9077 65.28 3.79 3.82 0.26 1660 0.000734 2023 0.6626 2.63E-08 1.77E-06
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
36 0.13 1023 6 306 33461 0.000609 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 350.09 308.9 10739.9 260.74 34.35 234.32 31.9 33137 0.000642 25972281 0.7608 1.07E-08 7.74E-08
8.1 412.69 317.96 10375.8 109.52 6.34 94.41 6.22 32231 0.00061 20648071 0.7576 9.3E-09 7.58E-08
14.1 427.43 326.81 10443.7 103.79 5.67 86.02 5.31 31398 0.000606 17263229 0.7548 8.6E-09 7.71E-08
20.2 437.83 335.58 10403.7 101.75 5.48 81.23 4.92 30617 0.000595 14386997 0.7522 7.8E-09 7.77E-08
26.2 446 344.26 10378.6 102.01 5.54 78.54 4.82 29886 0.000585 12085803 0.7499 7.1E-09 7.83E-08
32.3 451.36 352.85 10358.2 105.15 5.9 78.19 5.04 29201 0.000575 10217530 0.7475 6.6E-09 7.88E-08
38.3 455.25 361.36 10361.4 110.35 6.52 79.38 5.53 28556 0.000568 8711646 0.7455 6E-09 7.95E-08
44.4 459.56 369.79 10373 115.55 7.03 80.52 5.63 27949 0.000561 7906284 0.7438 5.9E-09 8.02E-08
50.4 468.22 378.13 10262.5 113.91 6.9 76.98 5.19 27377 0.000547 6729299 0.742 5.4E-09 8E-08
56.5 474.38 386.35 10265.8 116.63 7.24 76.52 5.2 26839 0.00054 5819544 0.7404 5E-09 8.05E-08
62.5 481.34 394.51 10219.1 117.69 7.43 75.06 5.22 26329 0.000531 5032783 0.7389 4.6E-09 8.07E-08
68.5 488.04 402.59 10226.8 119.68 7.72 74.28 5.44 25845 0.000525 4393787 0.7376 4.3E-09 8.12E-08
74.6 497.67 410.58 10119.3 116.19 7.24 70.26 5.02 25387 0.000513 4006880 0.7365 4.2E-09 8.08E-08
80.6 510.66 418.42 10000 108.41 6.4 63.93 4.2 24956 0.0005 3481957 0.7353 3.9E-09 8.02E-08
86.7 518.73 426.17 10008.7 108.13 6.39 62.24 4.06 24546 0.000495 3076076 0.7343 3.6E-09 8.06E-08
92.7 525.57 433.88 9998.6 109.05 6.54 61.32 4.17 24154 0.000488 2722148 0.7335 3.4E-09 8.09E-08
98.8 533.37 441.53 9964.4 108.5 6.42 59.64 4.15 23779 0.000481 2525579 0.7327 3.3E-09 8.09E-08
104.8 540.46 449.08 9900.7 108.35 6.44 58.27 3.87 23423 0.000473 2235105 0.7319 3.1E-09 8.07E-08
110.9 547.75 456.66 10115.5 111.04 6.69 58.46 3.88 23079 0.000477 2039406 0.7313 3E-09 8.27E-08
116.9 542.33 463.64 8421.1 107.02 7.56 55.28 4.33 22772 0.000393 1527317 0.7308 2.3E-09 6.91E-08
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
37 0.13 1068 4.1 305 22916 0.000903 C02
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 361.26 309.78 11200.1 217.56 23.88 194.72 22.58 22578 0.000978 26857160 0.7606 4.1E-08 1.73E-07
8.1 448.29 323.42 10606.5 84.94 3.94 71.45 3.93 21666 0.000905 18418982 0.7558 3.25E-08 1.67E-07
14.1 470.43 336.55 10677 79.75 3.45 63.4 3.27 20861 0.000892 14640361 0.752 2.96E-08 1.71E-07
20.2 485.66 349.53 10618.1 78 3.31 58.78 3.22 20128 0.000868 11624486 0.7484 2.66E-08 1.73E-07
26.2 497.55 362.28 10585.9 78.26 3.38 56.09 3.08 19464 0.000848 8839580 0.7453 2.28E-08 1.74E-07
32.3 505.77 374.83 10546.3 80.55 3.57 55.09 2.9 18857 0.000827 7205377 0.7427 2.08E-08 1.76E-07
38.3 511.97 387.22 10537.7 84.47 3.9 55.26 2.99 18299 0.000811 5941147 0.7402 1.9E-08 1.77E-07
44.4 518.59 399.48 10551 88.58 4.27 55.55 3.22 17783 0.000796 4949970 0.7381 1.75E-08 1.79E-07
50.4 530.38 411.54 10412.3 87.61 4.22 52.81 3.25 17308 0.000771 4013233 0.7364 1.56E-08 1.78E-07
56.5 539.21 423.39 10421 89.98 4.5 52.23 3.13 16869 0.000757 3302932 0.7347 1.41E-08 1.8E-07
62.5 548.69 435.11 10352.3 91.14 4.62 51.06 2.99 16461 0.000739 2797191 0.7334 1.3E-08 1.8E-07
68.5 557.99 446.69 10366.8 93.14 4.8 50.44 2.95 16079 0.000727 2401339 0.7321 1.21E-08 1.81E-07
74.6 570.59 458.09 10213.3 90.78 4.62 47.61 2.76 15724 0.000704 2041229 0.7312 1.11E-08 1.79E-07
80.6 586.5 469.24 10077.1 85.94 4.19 43.72 2.48 15394 0.000683 1748206 0.7303 1.02E-08 1.77E-07
86.7 597.04 480.24 10096.3 86.44 4.23 42.71 2.47 15085 0.000673 1528574 0.7295 9.6E-09 1.79E-07
92.7 606.73 491.16 10071.6 87.15 4.31 41.88 2.49 14793 0.000661 1335813 0.7289 9E-09 1.79E-07
98.8 617.12 501.96 10022.5 87.03 4.31 40.72 2.47 14517 0.000647 1169775 0.7283 8.4E-09 1.78E-07
104.8 627.01 512.6 9927.7 86.78 4.32 39.57 2.45 14258 0.000631 1023931 0.7277 7.8E-09 1.77E-07
110.9 636.69 523.21 10086.8 88.89 4.57 39.54 2.54 14010 0.000632 887129 0.7273 7.2E-09 1.8E-07
116.9 621.99 532.62 7780.3 87.06 5.63 37.91 2.81 13800 0.000481 638339 0.7269 5.5E-09 1.39E-07
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
38 0.14 1030 5.3 306 31282 0.000656 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 352.46 309.26 10812 250.27 31.61 224.5 29.37 30957 0.00069 28766064 0.761 1.49E-08 8.92E-08
8.1 418 318.99 10428 105.33 5.87 90.36 5.85 30050 0.000655 22619511 0.7575 1.3E-08 8.72E-08
14.1 433.91 328.48 10502.4 99.62 5.23 81.95 4.99 29221 0.000649 18767555 0.7545 1.19E-08 8.89E-08
20.2 445.1 337.9 10478.4 97.75 5.05 77.27 4.59 28447 0.000638 15545273 0.7518 1.09E-08 8.97E-08
26.2 453.96 347.23 10469.7 98.09 5.09 74.6 4.39 27725 0.000628 12984356 0.7492 9.9E-09 9.05E-08
32.3 460.2 356.45 10449.5 100.72 5.38 73.83 4.41 27051 0.000617 10906339 0.7467 9.1E-09 9.12E-08
38.3 465.01 365.58 10452 105.12 5.85 74.41 4.59 26419 0.000608 9242598 0.7447 8.4E-09 9.21E-08
44.4 470.06 374.65 10459.2 109.62 6.36 75.02 4.82 25824 0.0006 7880416 0.7428 7.7E-09 9.29E-08
50.4 479.34 383.6 10354.5 108.15 6.26 71.65 4.66 25267 0.000585 6683444 0.741 7.1E-09 9.27E-08
56.5 486.01 392.43 10363.9 110.75 6.58 71.14 4.85 24743 0.000578 5764500 0.7394 6.6E-09 9.34E-08
62.5 493.22 401.18 10307.1 111.99 6.67 69.82 4.87 24248 0.000567 5226318 0.7379 6.4E-09 9.35E-08
68.5 499.38 409.83 10295.6 114.98 7.04 69.69 4.79 23782 0.000558 4537872 0.7367 5.9E-09 9.39E-08
74.6 509.09 418.36 10171.4 112.11 6.77 66.11 4.39 23342 0.000544 3914373 0.7354 5.5E-09 9.33E-08
80.6 522.13 426.74 10064.3 105.51 6.08 60.62 3.84 22929 0.000532 3397965 0.7343 5.1E-09 9.27E-08
86.7 530.6 435.03 10082.5 105.51 6.09 59.12 3.8 22536 0.000526 2999266 0.7334 4.7E-09 9.33E-08
92.7 537.85 443.28 10077 106.56 6.25 58.27 3.92 22161 0.000519 2649143 0.7326 4.4E-09 9.37E-08
98.8 546.24 451.46 10047.5 106 6.12 56.63 3.81 21804 0.000511 2451863 0.7317 4.4E-09 9.37E-08
104.8 553.6 459.55 9997.5 106.29 6.18 55.52 3.61 21464 0.000502 2170061 0.7311 4.1E-09 9.36E-08
110.9 561.38 467.65 10193.6 108.76 6.4 55.56 3.59 21136 0.000506 1972249 0.7305 3.9E-09 9.57E-08
116.9 555.26 475.07 8376.6 104.45 7.26 52.32 3.94 20847 0.000411 1456970 0.7299 3E-09 7.89E-08
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
39 0.14 1077 3.5 305 21339 0.000971 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 363.52 310.22 11300.1 212.01 22.93 189.32 21.61 21000 0.001059 28974304 0.7608 5.67E-08 2.02E-07
8.1 455.56 324.93 10649.8 81.53 3.64 68.11 3.53 20089 0.000973 20876966 0.7556 4.78E-08 1.94E-07
14.1 479.42 339.06 10715.9 76.34 3.17 60.05 3.14 19292 0.000957 16387438 0.7516 4.33E-08 1.98E-07
20.2 495.7 352.98 10654.1 74.65 3.08 55.48 2.82 18574 0.00093 12129284 0.7477 3.66E-08 2E-07
26.2 508.38 366.66 10623 74.96 3.1 52.84 2.59 17926 0.000907 9703984 0.7445 3.32E-08 2.02E-07
32.3 517.24 380.14 10585.4 77.21 3.28 51.78 2.79 17335 0.000884 7842528 0.7417 3.02E-08 2.04E-07
38.3 523.91 393.41 10583.2 81.1 3.64 51.92 2.8 16796 0.000866 6093314 0.7392 2.62E-08 2.06E-07
44.4 530.98 406.54 10593.5 85.13 3.97 52.15 2.79 16300 0.000849 5050313 0.7371 2.41E-08 2.08E-07
50.4 543.37 419.45 10449.9 84.33 3.94 49.56 2.74 15845 0.00082 4160907 0.7353 2.2E-08 2.07E-07
56.5 552.72 432.15 10458.7 86.75 4.21 49.03 2.95 15425 0.000805 3343295 0.7338 1.94E-08 2.09E-07
62.5 562.64 444.68 10393.9 88.12 4.34 47.99 2.74 15036 0.000785 2821377 0.7324 1.79E-08 2.09E-07
68.5 572.38 457.06 10398 90.17 4.52 47.42 2.68 14674 0.000771 2412775 0.7313 1.66E-08 2.1E-07
74.6 585.41 469.24 10233.1 88.08 4.37 44.81 2.54 14338 0.000745 2042510 0.7303 1.53E-08 2.08E-07
80.6 601.89 481.13 10088.5 83.54 3.98 41.18 2.36 14027 0.000721 1744199 0.7295 1.41E-08 2.06E-07
86.7 612.78 492.86 10108.4 84.3 4.11 40.34 2.45 13737 0.00071 1459252 0.7289 1.26E-08 2.07E-07
92.7 623.03 504.48 10073.6 84.97 4.17 39.51 2.3 13463 0.000696 1272976 0.7282 1.18E-08 2.07E-07
98.8 633.83 515.96 10023 85.04 4.18 38.47 2.18 13206 0.000681 1113974 0.7276 1.11E-08 2.06E-07
104.8 644.27 527.28 9920.3 84.8 4.19 37.37 2.09 12963 0.000663 973763 0.7272 1.03E-08 2.05E-07
110.9 654.37 538.55 10074.6 86.99 4.35 37.38 2.11 12733 0.000663 876499 0.7267 9.9E-09 2.08E-07
116.9 637.01 548.49 7661.5 86.55 5.72 36.4 2.58 12538 0.000497 597960 0.7264 7.1E-09 1.59E-07
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Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
40 0.14 1106 2.8 305 17015 0.001222 C02
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 371.48 311.25 11626.5 193.03 18.91 171.54 17.73 16667 0.001366 29697582 0.7604 1.28E-07 3.28E-07
8.1 482.54 330.06 10762.1 70.58 2.79 57.67 3.05 15758 0.001225 19915358 0.7541 1.05E-07 3.11E-07
14.1 513.34 347.83 10806.7 65.29 2.39 49.53 2.29 14995 0.001195 14064529 0.7491 8.83E-08 3.19E-07
20.2 533.79 365.29 10746.3 63.78 2.31 45.19 2.02 14323 0.001155 10081219 0.7448 7.44E-08 3.23E-07
26.2 549.65 382.41 10723 64.12 2.35 42.66 2.09 13727 0.001121 7412626 0.7413 6.35E-08 3.27E-07
32.3 560.77 399.2 10675.7 66.08 2.48 41.47 1.98 13196 0.001087 5842713 0.7382 5.75E-08 3.29E-07
38.3 569.28 415.72 10662.8 69.43 2.74 41.29 1.96 12718 0.001058 4453242 0.7358 4.98E-08 3.33E-07
44.4 578.03 432.02 10669.5 73.07 3.04 41.32 2.27 12285 0.001032 3451336 0.7338 4.36E-08 3.36E-07
50.4 592.57 447.97 10503.8 72.64 3.02 39.19 1.93 11894 0.000991 2796284 0.7321 3.95E-08 3.33E-07
56.5 603.78 463.64 10513.4 75.02 3.24 38.75 2.08 11537 0.000969 2225698 0.7308 3.5E-08 3.36E-07
62.5 615.4 479.06 10424.1 76.46 3.35 37.89 1.95 11211 0.000939 1853082 0.7296 3.22E-08 3.35E-07
68.5 626.86 494.27 10427.2 78.65 3.58 37.5 2.07 10910 0.000918 1504129 0.7288 2.87E-08 3.37E-07
74.6 641.5 509.17 10214.1 77.19 3.48 35.49 1.86 10635 0.00088 1257676 0.7279 2.62E-08 3.31E-07
80.6 659.43 523.66 10039.7 73.94 3.29 32.86 1.85 10382 0.000847 1022997 0.7273 2.32E-08 3.26E-07
86.7 671.97 537.91 10065.4 75.08 3.35 32.31 1.67 10148 0.000832 889115 0.7267 2.18E-08 3.28E-07
92.7 684.37 552.02 10013.9 75.66 3.4 31.58 1.73 9929 0.000812 770441 0.7263 2.03E-08 3.27E-07
98.8 696.94 565.95 9957.2 76.02 3.49 30.81 1.68 9725 0.000792 646923 0.726 1.84E-08 3.26E-07
104.8 709.6 579.62 9808.3 75.46 3.46 29.75 1.57 9534 0.000765 561301 0.7256 1.7E-08 3.21E-07
110.9 721.07 593.18 9926 77.62 3.62 29.79 1.7 9353 0.00076 502231 0.7253 1.63E-08 3.25E-07
116.9 691.95 604.84 7162.5 82.23 5.79 30.87 2.42 9205 0.00054 314494 0.7251 1.08E-08 2.35E-07
343
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
41 0.14 1974 2.7 305 16382 0.002224 C02
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 418.93 316.8 20776.1 203.43 20.28 176.25 18.24 15775 0.002511 47015687 0.7583 2.46E-07 6.37E-07
8.1 608.36 351.19 19166.2 74.53 3.03 55.78 3.01 14305 0.002189 21575980 0.7481 1.59E-07 6.12E-07
14.1 668.47 383.1 19133.1 67.05 2.47 44.5 2.14 13192 0.002075 12567316 0.7411 1.23E-07 6.29E-07
20.2 706.53 413.97 18964.8 64.82 2.34 38.77 1.81 12290 0.001959 7717493 0.7361 9.71E-08 6.38E-07
26.2 735.87 443.87 18871.7 64.63 2.34 35.28 1.68 11543 0.001862 4994261 0.7325 7.82E-08 6.45E-07
32.3 755.12 472.92 18722.5 66.34 2.48 33.42 1.72 10914 0.001768 3355889 0.73 6.38E-08 6.48E-07
38.3 769.28 501.22 18646.8 69.56 2.71 32.6 1.63 10377 0.001688 2437165 0.7283 5.52E-08 6.51E-07
44.4 782.19 528.96 18661.4 73.69 3.03 32.36 1.58 9909 0.001623 1750984 0.7271 4.65E-08 6.55E-07
50.4 801.66 556.01 18333.2 74.63 3.16 30.89 1.59 9501 0.001535 1266006 0.7262 3.89E-08 6.46E-07
56.5 815.87 582.45 18367 78.69 3.48 30.85 1.68 9141 0.001483 988051 0.7256 3.47E-08 6.49E-07
62.5 830.55 608.4 18184.6 81.86 3.8 30.53 1.63 8819 0.001417 747987 0.7251 2.97E-08 6.43E-07
68.5 845.35 633.97 18275.2 86.45 4.2 30.79 1.83 8530 0.001377 603154 0.7248 2.68E-08 6.46E-07
74.6 869.66 659.01 17880.3 84.88 4.14 28.95 1.61 8269 0.001304 464742 0.7245 2.3E-08 6.31E-07
80.6 890.87 683.23 17466.8 84.12 4.13 27.58 1.58 8036 0.001236 374215 0.7243 2.04E-08 6.15E-07
86.7 907.28 706.98 17564.5 87.69 4.49 27.71 1.68 7824 0.001206 304188 0.7241 1.82E-08 6.17E-07
92.7 926.37 730.51 17462.9 89.16 4.64 27.21 1.59 7628 0.001166 253941 0.7239 1.66E-08 6.11E-07
98.8 947.85 753.71 17395.2 89.6 4.7 26.46 1.58 7447 0.001129 213856 0.7238 1.52E-08 6.07E-07
104.8 967.82 776.44 17021.4 88.94 4.71 25.47 1.62 7280 0.001076 178485 0.7236 1.37E-08 5.91E-07
110.9 980.57 798.58 16782.2 92.21 5.18 25.65 1.66 7127 0.001034 147439 0.7234 1.22E-08 5.8E-07
116.9 894.94 817.88 12882.5 167.18 22.08 45.39 6.2 7001 0.000777 99012 0.7233 8.7E-09 4.44E-07
344
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
42 0.14 1580 2.1 304 12930 0.002197 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 411.22 316.65 16669.6 176.27 15.33 152.8 13.9 12441 0.002557 41653464 0.7585 4.91E-07 8.22E-07
8.1 590.9 351.33 15102.1 63.04 2.26 47.15 2.33 11272 0.002188 18692512 0.7482 3.12E-07 7.76E-07
14.1 651.93 383.18 15037.5 55.95 1.8 37.12 1.63 10398 0.002069 10867010 0.7412 2.41E-07 7.96E-07
20.2 690.87 413.94 14900.1 53.8 1.69 32.18 1.38 9689 0.001953 6677513 0.7362 1.9E-07 8.06E-07
26.2 722.15 443.71 14798.2 53.15 1.67 29.03 1.27 9103 0.001852 4317565 0.7326 1.53E-07 8.14E-07
32.3 741.16 472.61 14681.7 54.67 1.77 27.56 1.32 8609 0.001759 2904404 0.7301 1.25E-07 8.17E-07
38.3 756.07 500.73 14591.1 57.14 1.93 26.82 1.2 8187 0.001677 2107307 0.7284 1.08E-07 8.19E-07
44.4 767.73 528.27 14604.6 60.99 2.18 26.82 1.18 7820 0.001613 1515881 0.7271 9.06E-08 8.25E-07
50.4 786.75 555.13 14332.2 61.88 2.29 25.65 1.24 7500 0.001524 1095935 0.7263 7.57E-08 8.13E-07
56.5 800.03 581.37 14376.6 65.75 2.55 25.83 1.24 7217 0.001474 857222 0.7256 6.76E-08 8.17E-07
62.5 813.85 607.09 14161.1 68.49 2.81 25.6 1.27 6965 0.001403 646269 0.7251 5.76E-08 8.06E-07
68.5 826.63 632.36 14232 73.26 3.17 26.16 1.36 6738 0.001363 521856 0.7248 5.21E-08 8.09E-07
74.6 847.86 657.04 13829.9 72.47 3.2 24.8 1.32 6534 0.001283 399982 0.7245 4.44E-08 7.85E-07
80.6 869.61 680.77 13461.5 71.29 3.15 23.47 1.2 6353 0.001212 321581 0.7243 3.93E-08 7.63E-07
86.7 885.64 704.04 13556.6 74.65 3.42 23.7 1.3 6188 0.001185 270019 0.7242 3.61E-08 7.66E-07
92.7 904.21 727.09 13458.5 75.98 3.6 23.31 1.34 6035 0.001144 219027 0.724 3.19E-08 7.58E-07
98.8 924.35 749.79 13393.1 76.72 3.67 22.78 1.25 5894 0.001108 184622 0.7238 2.92E-08 7.52E-07
104.8 943.97 771.98 13068.2 75.98 3.67 21.89 1.2 5764 0.001053 153928 0.7237 2.63E-08 7.31E-07
110.9 955.28 793.57 12872.3 79.6 4.09 22.29 1.29 5645 0.001012 130548 0.7235 2.39E-08 7.17E-07
116.9 866.33 811.96 9376.8 172.46 26.13 47.17 7.25 5549 0.000722 83389 0.7234 1.62E-08 5.2E-07
345
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
43 0.26 2089 3.7 306 42691 0.000996 C02
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 380.81 310.82 22012.3 314.51 48.37 279.2 44 42041 0.001029 2.03E+08 0.7652 3.67E-08 9.79E-08
8.1 479.68 325.2 21392.4 138.48 9.67 115.26 8.59 40263 0.000976 1.51E+08 0.7595 3.19E-08 9.69E-08
14.1 504.52 339.23 21487.5 130 8.48 101.94 7.41 38681 0.000957 1.18E+08 0.7547 2.88E-08 9.9E-08
20.2 521.99 353.1 21479.2 127.18 8.14 94.28 6.64 37249 0.000935 87994967 0.7504 2.44E-08 1E-07
26.2 535.75 366.81 21526.3 127.42 8.14 89.58 6.2 35948 0.000917 70622550 0.7467 2.22E-08 1.02E-07
32.3 546.61 380.37 21500.5 129.33 8.39 86.52 6.33 34758 0.000896 57087742 0.7436 2.02E-08 1.03E-07
38.3 555.27 393.75 21514.7 133.21 8.91 85.03 6.2 33670 0.000877 44267017 0.7408 1.76E-08 1.04E-07
44.4 563.32 406.99 21494.3 137.49 9.47 83.97 6.19 32669 0.000858 36551934 0.7385 1.61E-08 1.05E-07
50.4 577.64 420.06 21392.7 135.76 9.27 79.51 5.96 31747 0.000837 30317604 0.7365 1.48E-08 1.05E-07
56.5 587.29 432.98 21450 139 9.72 78.26 6.04 30894 0.000822 24333168 0.7348 1.3E-08 1.07E-07
62.5 598.1 445.75 21350.9 140.15 9.9 76 5.74 30103 0.000803 20514960 0.7333 1.2E-08 1.07E-07
68.5 605.07 458.37 21303.7 145.22 10.62 76 5.91 29368 0.000786 17455400 0.7321 1.12E-08 1.07E-07
74.6 616.28 470.8 21090.1 144.97 10.65 73.36 5.85 28684 0.000763 14831686 0.7311 1.03E-08 1.06E-07
80.6 630.45 483.03 20960.5 142.19 10.34 69.68 5.62 28049 0.000745 12196131 0.7301 9.1E-09 1.06E-07
86.7 641.81 495.12 20993.2 143.11 10.45 68.02 5.35 27454 0.000733 10614030 0.7293 8.6E-09 1.07E-07
92.7 652 507.12 20971.3 144.76 10.68 66.82 5.24 26893 0.000719 9257409 0.7286 8E-09 1.07E-07
98.8 662.64 519.02 20939.3 145.8 10.84 65.44 5.16 26364 0.000706 8105362 0.728 7.5E-09 1.07E-07
104.8 672.75 530.81 20877.3 147.09 11.05 64.26 5.17 25864 0.000692 7114353 0.7275 7.1E-09 1.07E-07
110.9 683.57 542.55 21047.9 149.25 11.32 63.53 5.26 25390 0.000686 6338991 0.7271 6.7E-09 1.08E-07
116.9 673.33 553.44 18115.5 151.1 13.47 62.82 6.04 24969 0.000582 4863256 0.7267 5.5E-09 9.32E-08
346
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
44 0.26 1832 2.1 305 24316 0.001464 C02
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 392.75 312.39 19270.5 239.79 28.27 211.35 25.69 23749 0.001582 1.7E+08 0.7644 2.18E-07 2.67E-07
8.1 529.35 334.15 18183.8 93.16 4.57 74.61 4.17 22272 0.001439 1.05E+08 0.7562 1.69E-07 2.59E-07
14.1 566.11 354.93 18282.7 86.57 3.94 63.72 3.34 21042 0.001398 71814744 0.7498 1.41E-07 2.66E-07
20.2 590.73 375.33 18209.1 84.54 3.77 57.59 2.98 19974 0.001347 50156250 0.7446 1.19E-07 2.7E-07
26.2 609.53 395.33 18201.1 84.97 3.81 53.95 2.81 19042 0.001304 36104323 0.7405 1.01E-07 2.74E-07
32.3 623.56 414.96 18124.6 86.89 3.99 51.72 2.76 18221 0.001259 26490404 0.7372 8.64E-08 2.76E-07
38.3 633.91 434.24 18112.5 90.71 4.35 50.88 2.85 17491 0.001221 19906610 0.7346 7.49E-08 2.79E-07
44.4 643.98 453.22 18079.8 94.78 4.75 50.32 3.01 16837 0.001184 15201180 0.7325 6.53E-08 2.81E-07
50.4 661.35 471.83 17887.1 94.38 4.73 47.63 2.88 16251 0.001139 12225258 0.731 5.94E-08 2.8E-07
56.5 673.55 490.11 17917.2 97.67 5.05 47.01 2.77 15721 0.00111 9645784 0.7296 5.26E-08 2.82E-07
62.5 687.22 508.14 17811.6 99.46 5.26 45.8 2.69 15239 0.001075 7648486 0.7285 4.65E-08 2.82E-07
68.5 698.88 525.92 17813.8 102.99 5.64 45.5 2.8 14797 0.001048 6171117 0.7277 4.15E-08 2.83E-07
74.6 713.89 543.37 17519.1 102.74 5.67 43.65 2.87 14394 0.001005 5142928 0.727 3.8E-08 2.79E-07
80.6 732.58 560.37 17293.3 100.42 5.48 41.15 2.51 14026 0.000969 4180764 0.7264 3.38E-08 2.76E-07
86.7 746.57 577.13 17311.4 102.17 5.68 40.45 2.5 13687 0.000947 3477920 0.726 3.06E-08 2.77E-07
92.7 760.3 593.71 17229.1 103.42 5.82 39.63 2.61 13371 0.000922 2999842 0.7256 2.86E-08 2.76E-07
98.8 774.39 610.06 17132 104.25 5.94 38.74 2.42 13077 0.000897 2513957 0.7253 2.59E-08 2.74E-07
104.8 788.2 626.15 16962 104.67 6.06 37.77 2.48 12803 0.000869 2112835 0.7251 2.34E-08 2.72E-07
110.9 801.37 642.08 17054 107.07 6.3 37.57 2.45 12547 0.000856 1873031 0.7249 2.22E-08 2.73E-07
116.9 766.01 656.37 13658.7 124.58 10.72 42.66 3.91 12328 0.000673 1297789 0.7247 1.64E-08 2.18E-07
347
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
45 0.26 1589 1.1 303 12832 0.002234 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 408.25 315.51 16781.7 180.95 16.13 157.24 14.61 12341 0.002612 1.43E+08 0.7632 1.73E-06 8.47E-07
8.1 594.15 350.6 15177.8 62.32 2.19 46.66 2.35 11166 0.002229 67264869 0.7512 1.16E-06 7.98E-07
14.1 661.19 382.77 15055.7 54.08 1.69 35.87 1.59 10290 0.002098 36356569 0.743 8.34E-07 8.16E-07
20.2 705.84 413.76 14867 50.9 1.53 30.41 1.28 9584 0.001972 22144681 0.7374 6.52E-07 8.23E-07
26.2 743.32 443.65 14696.7 49.04 1.45 26.76 1.15 9002 0.001861 14212322 0.7335 5.21E-07 8.27E-07
32.3 766.09 472.58 14543.7 49.55 1.49 24.96 1.17 8513 0.001763 9519916 0.7309 4.24E-07 8.28E-07
38.3 782.46 500.68 14437.3 51.24 1.58 24.02 1.03 8097 0.001679 6895320 0.729 3.65E-07 8.29E-07
44.4 791.63 528.21 14463.3 54.91 1.8 24.13 1.01 7734 0.001616 4960510 0.7276 3.08E-07 8.36E-07
50.4 807.27 555.1 14228.2 56.42 1.93 23.38 1.09 7417 0.00153 3592062 0.7266 2.58E-07 8.25E-07
56.5 815.35 581.49 14351.3 61.37 2.23 24.09 1.11 7136 0.001488 2821120 0.7259 2.31E-07 8.34E-07
62.5 825.26 607.47 14188.8 65.15 2.53 24.33 1.16 6884 0.001421 2130391 0.7254 1.97E-07 8.26E-07
68.5 833.09 633.06 14275.7 71.37 2.99 25.44 1.32 6658 0.001382 1718599 0.725 1.79E-07 8.3E-07
74.6 847.5 658.05 13866.6 73.19 3.22 24.99 1.3 6454 0.001299 1314310 0.7247 1.52E-07 8.05E-07
80.6 867.45 682.16 13580 73.29 3.28 24.06 1.26 6273 0.001234 1060799 0.7245 1.35E-07 7.87E-07
86.7 882.37 705.87 13684.4 77.53 3.66 24.53 1.46 6107 0.001207 864137 0.7243 1.21E-07 7.91E-07
92.7 900.06 729.37 13604.5 79.71 3.86 24.36 1.35 5954 0.001166 721083 0.724 1.1E-07 7.84E-07
98.8 922.08 752.52 13510.7 79.68 3.88 23.56 1.3 5813 0.001127 605694 0.7239 1E-07 7.75E-07
104.8 940.26 775.12 13179.8 79.81 3.96 22.88 1.34 5683 0.00107 504134 0.7237 9.02E-08 7.53E-07
110.9 950.13 797.12 13001.5 84.97 4.61 23.67 1.54 5564 0.001029 416570 0.7236 8.02E-08 7.4E-07
116.9 861.08 815.92 9528.1 210.98 37.88 57.4 10.46 5468 0.000738 274322 0.7234 5.61E-08 5.4E-07
348
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
46 0.55 2687 1.1 303 28333 0.001887 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 418.69 312.55 28358.8 267.18 34.65 233.54 31.03 27517 0.002014 1.21E+09 0.7758 9.21E-07 2.93E-07
8.1 591.89 339.67 26932.8 106.79 5.87 83.06 5.32 25428 0.001826 6.9E+08 0.7621 7E-07 2.87E-07
14.1 642.22 365.59 26991.7 97.57 4.9 68.58 3.86 23739 0.001753 4.15E+08 0.7525 5.38E-07 2.95E-07
20.2 675.77 390.99 26879.2 94.39 4.6 60.57 3.62 22313 0.001675 2.76E+08 0.7455 4.46E-07 3E-07
26.2 700.73 415.84 26887.7 94.38 4.6 55.82 3.08 21098 0.00161 1.81E+08 0.7403 3.57E-07 3.05E-07
32.3 719.75 440.19 26749.7 95.69 4.74 52.57 3.05 20048 0.001542 1.29E+08 0.7365 3.04E-07 3.08E-07
38.3 732.86 464.07 26718.9 99.4 5.12 51.07 3.05 19133 0.001485 90263844 0.7335 2.5E-07 3.1E-07
44.4 744.63 487.52 26671.4 103.73 5.57 50.13 2.98 18327 0.001431 67660707 0.7314 2.18E-07 3.12E-07
50.4 763.01 510.52 26440.4 104.72 5.71 47.84 2.94 17613 0.001371 51343937 0.7298 1.9E-07 3.11E-07
56.5 775.79 533.13 26488.9 109.16 6.18 47.35 3.15 16975 0.001329 40022294 0.7286 1.68E-07 3.13E-07
62.5 788.98 555.39 26317.4 112.66 6.62 46.57 3.07 16401 0.00128 30238577 0.7276 1.43E-07 3.12E-07
68.5 799.21 577.3 26309.2 118.56 7.31 46.85 3.15 15881 0.001241 24218232 0.7269 1.28E-07 3.13E-07
74.6 813.95 598.81 25910.8 120.43 7.62 45.63 3.11 15411 0.001187 19340714 0.7263 1.13E-07 3.08E-07
80.6 832.2 619.83 25690.9 120.97 7.74 44.09 3.03 14984 0.001144 15732213 0.7258 1.02E-07 3.05E-07
86.7 846.18 640.59 25773.1 125.36 8.28 44.04 3.12 14591 0.001117 13066557 0.7254 9.24E-08 3.06E-07
92.7 860.41 661.17 25717.7 129.07 8.78 43.79 3.19 14227 0.001085 10882328 0.7251 8.39E-08 3.05E-07
98.8 876.45 681.51 25649.8 131.58 9.14 43.19 3.2 13890 0.001055 9128843 0.7249 7.65E-08 3.04E-07
104.8 891.52 701.58 25454.6 134.02 9.53 42.64 3.22 13578 0.001021 7677264 0.7247 6.95E-08 3.01E-07
110.9 905.08 721.39 25384.4 138.19 10.18 42.68 3.33 13287 0.000993 6531953 0.7245 6.37E-08 2.99E-07
116.9 853.42 739.44 21274.8 186.65 22.15 56.16 6.83 13036 0.000814 4734374 0.7243 4.93E-08 2.5E-07
349
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
47 0.53 1038 1.2 301 28518 0.000733 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 350.57 304.83 10891.2 238.11 28.79 215.7 26.76 28193 0.000784 5.11E+08 0.7794 3.57E-07 1.11E-07
8.1 424.39 315.42 10421.1 95.63 4.92 82.57 4.82 27287 0.000736 3.9E+08 0.7732 3.07E-07 1.08E-07
14.1 442.3 325.73 10486.9 89.96 4.33 74.24 4.12 26464 0.000728 3.16E+08 0.7678 2.78E-07 1.1E-07
20.2 454.85 335.96 10426.3 87.7 4.14 69.3 3.79 25701 0.000711 2.56E+08 0.763 2.51E-07 1.11E-07
26.2 464.61 346.07 10388.7 87.64 4.15 66.46 3.64 24994 0.000697 2.1E+08 0.7589 2.27E-07 1.12E-07
32.3 471.14 356.06 10357.4 90.01 4.38 65.62 3.67 24336 0.000683 1.74E+08 0.7553 2.06E-07 1.12E-07
38.3 475.69 365.97 10359.1 94.41 4.8 66.29 3.83 23723 0.000672 1.45E+08 0.752 1.89E-07 1.13E-07
44.4 480.66 375.8 10369.4 98.89 5.25 66.97 4.01 23147 0.000662 1.22E+08 0.7491 1.74E-07 1.14E-07
50.4 490.59 385.49 10230.4 97.34 5.15 63.69 3.81 22611 0.000643 1.02E+08 0.7465 1.58E-07 1.14E-07
56.5 497.33 395.06 10235.4 100.08 5.44 63.36 3.89 22109 0.000633 87258517 0.7442 1.46E-07 1.15E-07
62.5 505.68 404.53 10192.4 100.76 5.54 61.82 3.86 21637 0.000621 74534329 0.7422 1.34E-07 1.15E-07
68.5 513.93 413.92 10202.4 102.02 5.68 60.72 3.88 21191 0.000612 64331000 0.7404 1.25E-07 1.16E-07
74.6 524.35 423.21 10088.5 99.74 5.5 57.68 3.72 20772 0.000597 55138434 0.7388 1.15E-07 1.15E-07
80.6 537.67 432.33 9981.6 94.75 5.03 53.3 3.45 20378 0.000582 47547856 0.7375 1.06E-07 1.14E-07
86.7 547.52 441.33 9972.6 93.92 4.87 51.44 3.25 20007 0.000574 43654100 0.7361 1.04E-07 1.15E-07
92.7 555.37 450.27 9956.7 94.73 4.96 50.57 3.11 19654 0.000565 38266242 0.7349 9.66E-08 1.15E-07
98.8 564.24 459.12 9906 94.24 4.94 49.09 2.95 19319 0.000554 33566103 0.7339 8.99E-08 1.15E-07
104.8 571.98 467.86 9830.9 94.42 5 48.03 2.86 19002 0.000543 29482867 0.733 8.37E-08 1.14E-07
110.9 580.21 476.61 10021 96.73 5.19 48.08 2.91 18696 0.000546 26674924 0.7322 8.01E-08 1.17E-07
116.9 570.88 484.56 8107.8 93.92 6.12 45.74 3.32 18429 0.000437 19334303 0.7315 6.1E-08 9.48E-08
350
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
48 0.52 1900 1.2 301 28075 0.001355 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 388.59 308 20005.4 248.26 30.2 221.68 28 27484 0.001454 8.66E+08 0.7771 6.62E-07 2.12E-07
8.1 520.27 327.58 18970.1 98.45 5.06 80.61 4.89 25917 0.001333 5.4E+08 0.7666 5.1E-07 2.06E-07
14.1 556.03 346.4 19061.8 90.93 4.31 68.88 3.85 24586 0.001297 3.71E+08 0.7586 4.24E-07 2.11E-07
20.2 580.26 364.95 18974.6 88.13 4.07 62.12 3.42 23417 0.001252 2.6E+08 0.7521 3.54E-07 2.14E-07
26.2 598.64 383.18 18952.3 87.96 4.07 58.03 3.34 22385 0.001214 1.88E+08 0.747 3E-07 2.17E-07
32.3 612.48 401.12 18872.1 89.29 4.19 55.4 3.41 21467 0.001174 1.46E+08 0.7428 2.7E-07 2.19E-07
38.3 622.42 418.75 18851 92.56 4.49 54.27 3.15 20647 0.001141 1.1E+08 0.7395 2.32E-07 2.21E-07
44.4 631.67 436.16 18860.8 96.47 4.88 53.66 3.15 19906 0.001111 83822832 0.7368 2.02E-07 2.23E-07
50.4 647.07 453.27 18648.9 96.23 4.91 50.94 3.21 19237 0.00107 64381110 0.7344 1.75E-07 2.22E-07
56.5 657.74 470.09 18676.4 99.53 5.21 50.33 3.12 18630 0.001044 53157450 0.7327 1.62E-07 2.24E-07
62.5 669.72 486.69 18575.3 101.49 5.45 49.16 3.02 18075 0.001013 42113744 0.7313 1.42E-07 2.24E-07
68.5 680.61 503.09 18612.2 104.85 5.82 48.78 3.35 17565 0.000991 33994976 0.7302 1.27E-07 2.26E-07
74.6 694.83 519.23 18362.2 104.57 5.82 46.82 2.96 17096 0.000955 28432124 0.7291 1.16E-07 2.23E-07
80.6 711.53 535.04 18176.7 102.99 5.71 44.49 2.92 16666 0.000924 23127552 0.7284 1.03E-07 2.22E-07
86.7 724.59 550.62 18191.5 104.57 5.86 43.67 2.81 16268 0.000904 19926998 0.7277 9.68E-08 2.22E-07
92.7 737.05 566.06 18135.4 106.06 6.06 42.88 2.84 15897 0.000882 16576284 0.7271 8.72E-08 2.22E-07
98.8 750.85 581.31 18054.3 106.49 6.1 41.75 2.74 15550 0.00086 14377349 0.7267 8.16E-08 2.21E-07
104.8 763.73 596.33 17879 106.81 6.21 40.67 2.73 15227 0.000834 12042729 0.7263 7.35E-08 2.19E-07
110.9 776.24 611.23 18011.8 109.15 6.44 40.42 2.69 14924 0.000824 10679861 0.7259 6.99E-08 2.21E-07
116.9 747.58 624.7 14674.5 119.42 9.55 43.15 3.88 14662 0.000659 7498100 0.7256 5.21E-08 1.8E-07
351
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
49 0.52 1503 0.9 301 20933 0.001395 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 384.41 308.48 15840.5 208.61 21.5 185.88 20.24 20466 0.001542 6.83E+08 0.7768 1.43E-06 3.01E-07
8.1 519.27 329.05 14737.6 77.48 3.26 63.04 3.49 19245 0.001385 4.12E+08 0.7659 1.08E-06 2.88E-07
14.1 560.37 348.61 14781.4 69.81 2.65 52.41 2.66 18225 0.001344 2.81E+08 0.7578 8.95E-07 2.95E-07
20.2 588.05 367.85 14690.3 66.71 2.44 46.52 2.24 17335 0.001294 1.95E+08 0.7513 7.45E-07 2.99E-07
26.2 608.96 386.72 14665.8 65.99 2.4 43 2.01 16553 0.001252 1.4E+08 0.7461 6.3E-07 3.03E-07
32.3 623.85 405.25 14582.1 66.71 2.47 40.83 1.95 15861 0.001209 1.03E+08 0.742 5.36E-07 3.05E-07
38.3 634.38 423.47 14556.4 69.02 2.64 39.88 2.06 15243 0.001172 76982013 0.7387 4.62E-07 3.08E-07
44.4 643.87 441.43 14557.2 71.91 2.84 39.38 2.18 14687 0.00114 61763740 0.736 4.22E-07 3.11E-07
50.4 658.67 459.04 14369.7 71.98 2.88 37.5 1.89 14187 0.001095 47273342 0.7338 3.65E-07 3.09E-07
56.5 669.07 476.36 14399.3 74.72 3.09 37.17 1.9 13734 0.001069 37268922 0.7321 3.22E-07 3.11E-07
62.5 679.84 493.44 14294.5 76.69 3.29 36.53 2.1 13319 0.001035 29483806 0.7308 2.83E-07 3.11E-07
68.5 689.65 510.29 14324.3 79.86 3.52 36.52 1.99 12940 0.001012 24812907 0.7297 2.64E-07 3.13E-07
74.6 702.88 526.83 14066.5 79.9 3.58 35.16 1.9 12593 0.00097 19826832 0.7287 2.31E-07 3.08E-07
80.6 719.63 542.96 13867.4 78.49 3.49 33.32 1.97 12275 0.000934 16712269 0.728 2.13E-07 3.05E-07
86.7 731.98 558.84 13899.8 80.28 3.64 32.95 1.78 11982 0.000916 13890003 0.7274 1.92E-07 3.06E-07
92.7 744.79 574.58 13836 81.29 3.78 32.3 1.95 11709 0.000892 11552007 0.7269 1.73E-07 3.05E-07
98.8 758.51 590.1 13760.7 81.71 3.8 31.49 1.73 11454 0.000868 10016621 0.7264 1.62E-07 3.03E-07
104.8 771.87 605.37 13586.3 81.6 3.86 30.54 1.84 11217 0.00084 8376751 0.726 1.46E-07 3E-07
110.9 783.91 620.48 13697.9 83.81 4.02 30.51 1.72 10994 0.00083 7444144 0.7257 1.39E-07 3.02E-07
116.9 746.73 633.8 10503.4 93 6.47 33.06 2.61 10807 0.000625 5099577 0.7255 1.OIE-07 2.31E-07
352
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
50 0.52 1985 0.9 301 20757 0.001837 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 406.95 310.86 20921.4 217.74 23.29 191.93 21.88 20145 0.002046 7.98E+08 0.7753 1.77E-06 4.06E-07
8.1 581.87 338.15 19460.6 79.85 3.42 62.54 3.41 18598 0.001816 4.46E+08 0.7617 1.32E-06 3.91E-07
14.1 640.24 363.88 19415.3 70.25 2.68 49.72 2.48 17364 0.001736 2.67E+08 0.7524 1.01E-06 4E-07
20.2 679.43 388.96 19231.8 66.21 2.4 42.81 2.13 16327 0.00165 1.77E+08 0.7455 8.35E-07 4.04E-07
26.2 709.5 413.39 19137.1 64.63 2.31 38.54 1.94 15447 0.001579 1.16E+08 0.7404 6.66E-07 4.09E-07
32.3 728.75 437.23 18992.9 65.15 2.35 36.12 1.7 14688 0.00151 82854313 0.7366 5.66E-07 4.11E-07
38.3 742 460.54 18921.8 67.23 2.5 34.89 1.8 14027 0.001451 60727333 0.7337 4.87E-07 4.14E-07
44.4 753.61 483.47 18952.7 70.16 2.72 34.26 1.88 13443 0.001404 43741040 0.7315 4.07E-07 4.18E-07
50.4 770.14 505.9 18657.5 70.61 2.79 32.63 1.66 12927 0.001337 33058469 0.73 3.52E-07 4.14E-07
56.5 780.77 527.88 18707.4 73.98 3.04 32.47 1.65 12466 0.001299 25866810 0.7287 3.13E-07 4.17E-07
62.5 791.59 549.52 18538.8 76.58 3.26 32.06 1.68 12050 0.001248 20292363 0.7277 2.76E-07 4.14E-07
68.5 800.95 570.86 18625.7 80.95 3.62 32.41 1.78 11673 0.001217 16343359 0.727 2.48E-07 4.17E-07
74.6 814.31 591.8 18265.7 82.09 3.77 31.53 1.79 11331 0.00116 13002434 0.7264 2.18E-07 4.09E-07
80.6 831.86 612.19 18048.3 82.16 3.81 30.37 1.75 11022 0.001115 10548099 0.7259 1.95E-07 4.05E-07
86.7 844.09 632.33 18152.5 85.72 4.12 30.55 1.79 10737 0.001092 8789817 0.7255 1.78E-07 4.07E-07
92.7 858.78 652.31 18112.9 87.73 4.32 30.21 1.78 10472 0.001061 7324316 0.7252 1.61E-07 4.05E-07
98.8 878.52 672.07 18058.4 87.47 4.31 29.15 1.7 10227 0.001032 6145125 0.7249 1.47E-07 4.04E-07
104.8 894.06 691.45 17732.5 87.52 4.37 28.29 1.65 10000 0.000989 5118235 0.7248 1.32E-07 3.96E-07
110.9 904.69 710.46 17654.5 90.9 4.75 28.54 1.72 9791 0.000961 4353250 0.7246 1.21E-07 3.93E-07
116.9 841.08 727.33 13951.8 122.65 10.98 37.56 3.64 9614 0.000744 2985265 0.7244 8.82E-08 3.1E-07
353
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
51 0.52 1740 0.8 301 19208 0.001731 C02
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 400.69 310.43 18371.9 203.56 20.43 179.76 19.39 18670 0.001942 7.18E+08 0.7757 2.07E-06 4.16E-07
8.1 564.3 336.27 17004.2 74.57 3.02 58.86 2.94 17304 0.00172 4.06E+08 0.7627 1.54E-06 3.98E-07
14.1 621.38 360.62 16960 65.04 2.32 46.6 2.48 16206 0.001647 2.63E+08 0.7536 1.26E-06 4.07E-07
20.2 660.58 384.34 16797.9 60.81 2.07 39.95 1.83 15279 0.001569 1.66E+08 0.7467 9.8E-07 4.11E-07
26.2 691.72 407.48 16716.4 58.81 1.94 35.74 1.58 14485 0.001504 1.16E+08 0.7416 8.25E-07 4.16E-07
32.3 711.2 430.09 16595.8 59.04 1.97 33.43 1.59 13796 0.001441 82883570 0.7377 7.01E-07 4.18E-07
38.3 725.21 452.21 16519.8 60.51 2.08 32.13 1.7 13194 0.001387 58122812 0.7346 5.74E-07 4.2E-07
44.4 736.32 473.96 16551.1 63.09 2.24 31.58 1.58 12660 0.001344 44000928 0.7324 5.02E-07 4.25E-07
50.4 751.98 495.27 16298.5 63.49 2.3 30.1 1.46 12186 0.001282 33350161 0.7307 4.35E-07 4.21E-07
56.5 761.5 516.17 16358.7 66.68 2.51 30.07 1.46 11761 0.001248 26174635 0.7293 3.86E-07 4.25E-07
62.5 770.95 536.75 16198.3 69.16 2.71 29.76 1.47 11377 0.0012 20551939 0.7283 3.4E-07 4.22E-07
68.5 778.62 557.01 16246.1 73.31 3.03 30.2 1.54 11028 0.001169 16549508 0.7274 3.05E-07 4.24E-07
74.6 790.69 576.89 15914.2 74.44 3.17 29.44 1.55 10711 0.001114 13172743 0.7268 2.68E-07 4.16E-07
80.6 806.82 596.21 15685.8 74.48 3.21 28.37 1.55 10424 0.00107 10674398 0.7263 2.39E-07 4.1E-07
86.7 818.48 615.29 15803.4 77.78 3.48 28.59 1.67 10160 0.00105 8922107 0.7259 2.18E-07 4.14E-07
92.7 832.35 634.24 15775.4 79.63 3.61 28.29 1.68 9913 0.001023 7689583 0.7255 2.04E-07 4.13E-07
98.8 851.07 652.98 15732.2 79.42 3.61 27.32 1.54 9685 0.000995 6452025 0.7252 1.86E-07 4.11E-07
104.8 866.17 671.38 15453.7 79.34 3.65 26.47 1.44 9473 0.000955 5374021 0.7249 1.67E-07 4.03E-07
110.9 876.34 689.44 15390.3 82.35 3.97 26.7 1.51 9277 0.000929 4570804 0.7248 1.53E-07 4.01E-07
116.9 816.8 705.31 11894.7 106.69 8.58 33.75 3.01 9114 0.000704 3156528 0.7246 1.12E-07 3.09E-07
354
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
52 0.53 1664 0.7 301 17265 0.00178 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 399.88 310.96 17592.7 197.85 19.29 174.27 18.06 16751 0.002068 7.07E+08 0.7758 2.95E-06 4.94E-07
8.1 570.23 338.36 16169.2 69.74 2.67 54.56 2.69 15460 0.001814 3.89E+08 0.762 2.17E-06 4.69E-07
14.1 636.97 363.97 16034.4 58.73 1.94 41.55 1.83 14440 0.001723 2.32E+08 0.7527 1.65E-06 4.77E-07
20.2 687.51 388.8 15803.6 52.91 1.61 34.22 1.47 13586 0.001631 1.54E+08 0.7457 1.36E-06 4.8E-07
26.2 734.9 412.79 15551.9 48.28 1.39 28.84 1.28 12865 0.001544 1E+08 0.7406 1.07E-06 4.8E-07
32.3 769.78 435.99 15297.7 45.83 1.27 25.5 1 12249 0.001465 71105345 0.7369 9.04E-07 4.78E-07
38.3 801.2 458.43 15034.1 43.86 1.19 22.89 0.89 11716 0.001391 51765197 0.734 7.69E-07 4.75E-07
44.4 826.77 480.31 14985.3 43.25 1.16 21.29 0.87 11247 0.001341 39055154 0.7318 6.69E-07 4.77E-07
50.4 857.53 501.54 14564.3 40.91 1.08 19.1 0.81 10833 0.001263 29311850 0.7303 5.72E-07 4.66E-07
56.5 872.28 522.28 14669.8 41.91 1.12 18.63 0.82 10464 0.001234 23167842 0.729 5.1E-07 4.72E-07
62.5 880.49 542.77 14560.9 43.11 1.19 18.31 0.82 10128 0.00119 18287503 0.7281 4.5E-07 4.7E-07
68.5 876.09 563.04 14706 46.98 1.37 19.11 0.87 9822 0.001168 14857363 0.7273 4.07E-07 4.76E-07
74.6 873.59 583.01 14430.8 49.66 1.54 19.4 0.9 9542 0.001115 11860073 0.7267 3.59E-07 4.67E-07
80.6 872.68 602.54 14371.7 53.2 1.75 20.02 0.92 9287 0.001081 9712843 0.7261 3.23E-07 4.66E-07
86.7 869.84 622.03 14633 59.05 2.1 21.44 0.99 9050 0.001073 8197403 0.7257 2.98E-07 4.74E-07
92.7 872.8 641.54 14692.1 63.53 2.4 22.28 1.05 8828 0.00105 6868033 0.7254 2.72E-07 4.76E-07
98.8 882.58 660.95 14723.9 66.43 2.62 22.55 1.08 8620 0.001026 5783632 0.7251 2.48E-07 4.76E-07
104.8 892.03 680.05 14473.4 68.28 2.8 22.47 1.1 8428 0.000984 4813890 0.7249 2.23E-07 4.67E-07
110.9 896.51 698.77 14372.9 72.68 3.19 23.23 1.22 8250 0.000955 4078743 0.7247 2.04E-07 4.63E-07
116.9 820.39 715.2 11120.3 105.71 8.64 32.95 2.93 8102 0.000724 2816745 0.7246 1.5E-07 3.57E-07
355
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
53 0.57 1303 0.6 301 16548 0.00146 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 382.1 309.09 13788.5 188.87 17.68 167.63 16.74 16144 0.001698 7.11E+08 0.7786 3.36E-06 4.21E-07
8.1 525.41 331.46 12607.9 65.01 2.39 52.3 2.64 15106 0.001494 3.83E+08 0.7663 2.3E-06 3.96E-07
14.1 580.67 352.44 12534.6 54.92 1.74 40.58 1.85 14259 0.001433 2.56E+08 0.7575 1.89E-06 4.02E-07
20.2 623.01 372.88 12371.8 49.46 1.45 33.83 1.47 13531 0.001368 1.76E+08 0.7506 1.56E-06 4.04E-07
26.2 662.45 392.76 12211.6 45.28 1.25 28.88 1.25 12900 0.001307 1.24E+08 0.7454 1.31E-06 4.05E-07
32.3 691.31 412.1 12064.3 43.21 1.16 25.85 1.17 12348 0.001252 90019485 0.7411 1.11E-06 4.06E-07
38.3 717.91 430.89 11864.7 41.34 1.08 23.34 1.01 11863 0.001195 69953757 0.7381 9.92E-07 4.03E-07
44.4 738.06 449.23 11794.3 40.83 1.06 21.85 0.86 11431 0.001155 53138954 0.7353 8.58E-07 4.04E-07
50.4 763.53 467.04 11472.5 38.69 0.99 19.72 0.74 11046 0.001093 40225913 0.7333 7.32E-07 3.96E-07
56.5 775.8 484.46 11544.2 39.62 1.03 19.29 0.8 10698 0.001072 31972648 0.7317 6.5E-07 4.01E-07
62.5 782.83 501.64 11406.5 40.56 1.08 18.93 0.81 10380 0.001032 26356315 0.7305 5.95E-07 3.98E-07
68.5 779.24 518.66 11580.5 44.44 1.26 19.92 0.78 10088 0.001022 21593676 0.7293 5.38E-07 4.05E-07
74.6 777.05 535.49 11374.9 47.09 1.42 20.31 0.88 9818 0.00098 17292550 0.7285 4.73E-07 3.99E-07
80.6 776.16 551.99 11345.8 50.61 1.61 21.07 0.96 9571 0.000955 14754686 0.7278 4.41E-07 3.99E-07
86.7 775.21 568.44 11518.5 55.71 1.91 22.41 0.98 9339 0.000947 12415626 0.7272 4.04E-07 4.06E-07
92.7 778.54 584.89 11535.5 59.57 2.18 23.19 1.18 9121 0.000928 10375847 0.7267 3.66E-07 4.07E-07
98.8 785.15 601.21 11529 62.68 2.37 23.64 1.13 8917 0.000907 9021752 0.7262 3.44E-07 4.07E-07
104.8 794.09 617.28 11381.3 64.37 2.54 23.57 1.16 8728 0.000876 7533691 0.7259 3.1E-07 4.01E-07
110.9 801.74 633.19 11465.1 68.02 2.8 24.2 1.27 8550 0.000864 6673029 0.7256 2.94E-07 4.04E-07
116.9 748.29 646.99 8482.8 83.74 5.8 29.09 2.21 8404 0.000628 4271608 0.7254 2E-07 2.99E-07
356
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
54 0.57 1444 0.6 301 16658 0.001528 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 387.3 309.85 15247.6 196.86 19.14 174.12 18.17 16212 0.001863 7.85E+08 0.7783 3.66E-06 4.6E-07
8.1 538.48 334.46 14034.6 68.79 2.62 54.65 2.6 15077 0.001643 4.14E+08 0.765 2.51E-06 4.36E-07
14.1 598.96 357.56 13932.8 57.72 1.88 41.81 1.84 14161 0.001569 2.7E+08 0.7557 2.05E-06 4.43E-07
20.2 646.81 380.01 13720.1 51.42 1.54 34.28 1.58 13384 0.001489 1.81E+08 0.7487 1.68E-06 4.45E-07
26.2 693.45 401.75 13509.2 46.31 1.3 28.66 1.35 12720 0.001416 1.19E+08 0.7434 1.32E-06 4.45E-07
32.3 730.78 422.77 13249.9 43.02 1.15 24.89 1.1 12146 0.001343 85278295 0.7393 1.11E-06 4.42E-07
38.3 767.64 443.04 12946.3 39.88 1.03 21.73 0.95 11648 0.001271 62301582 0.7362 9.42E-07 4.37E-07
44.4 800.77 462.67 12772.1 37.78 0.94 19.48 0.88 11210 0.001217 46940893 0.7338 8.11E-07 4.34E-07
50.4 843.37 481.53 12259.8 33.88 0.8 16.62 0.7 10825 0.001135 36686390 0.7319 7.16E-07 4.2E-07
56.5 873.08 499.76 12227.3 32.75 0.76 15.35 0.58 10483 0.001102 28944422 0.7306 6.32E-07 4.21E-07
62.5 900.28 517.51 11871.7 31.02 0.71 13.94 0.5 10174 0.001043 22538790 0.7294 5.46E-07 4.1E-07
68.5 918.19 534.87 11944 31.16 0.72 13.46 0.55 9893 0.001023 18409841 0.7285 4.91E-07 4.14E-07
74.6 937.93 551.71 11397.5 29.51 0.68 12.29 0.49 9638 0.000953 14989662 0.7278 4.38E-07 3.96E-07
80.6 955.37 567.81 11116.2 28.68 0.66 11.55 0.42 9409 0.000909 12145357 0.7272 3.85E-07 3.87E-07
86.7 962.6 583.73 11339.2 29.93 0.69 11.68 0.52 9196 0.000907 10749478 0.7268 3.69E-07 3.95E-07
92.7 965.18 599.73 11425.3 31.26 0.74 11.82 0.43 8994 0.000894 9107748 0.7263 3.37E-07 3.98E-07
98.8 966.08 615.76 11549 32.97 0.81 12.1 0.51 8803 0.000885 7787220 0.726 3.11E-07 4.02E-07
104.8 960.83 631.69 11457.7 34.81 0.89 12.42 0.49 8623 0.000859 6790785 0.7256 2.91E-07 3.99E-07
110.9 944.44 647.5 11548.1 38.89 1.08 13.5 0.56 8454 0.000849 5851929 0.7254 2.68E-07 4.02E-07
116.9 824.76 661.44 8869.9 54.31 2.71 18.42 1.06 8311 0.00064 4025434 0.7252 1.96E-07 3.08E-07
357
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
55 0.66 1068 0.4 301 12545 0.001408 C02
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 380.02 309.6 11379.2 161.59 13.05 142.75 12.55 12215 0.001849 8.01E+08 0.7823 9.8E-06 6.06E-07
8.1 539.79 333.42 10083.1 48.86 1.45 38.91 1.59 11385 0.001572 4.09E+08 0.7681 6.46E-06 5.52E-07
14.1 623.88 355.04 9698.6 36.08 0.87 26.34 0.94 10733 0.001458 2.62E+08 0.7586 5.11E-06 5.43E-07
20.2 685.65 375.55 9341.6 30.12 0.66 20.37 0.7 10189 0.001357 1.75E+08 0.7514 4.12E-06 5.33E-07
26.2 730.34 395.14 9128.1 27.23 0.57 17.21 0.59 9724 0.001284 1.23E+08 0.7461 3.41E-06 5.28E-07
32.3 753.48 414.1 8985.6 26.48 0.56 15.72 0.56 9319 0.001227 89171177 0.7418 2.88E-06 5.26E-07
38.3 763.76 432.62 8955.9 27.05 0.58 15.18 0.61 8960 0.001187 66969744 0.7386 2.48E-06 5.3E-07
44.4 765.68 451.03 9104.1 28.93 0.63 15.39 0.61 8634 0.001173 54670604 0.7358 2.31E-06 5.43E-07
50.4 777.79 469.2 8954.3 29.02 0.64 14.69 0.52 8339 0.001122 41717035 0.7337 1.99E-06 5.38E-07
56.5 793.34 487.06 8990.6 29.35 0.66 14.19 0.49 8072 0.001097 32979740 0.7321 1.76E-06 5.44E-07
62.5 816.07 504.44 8666 27.81 0.62 12.88 0.5 7832 0.00103 25395199 0.7307 1.5E-06 5.26E-07
68.5 835.51 521.31 8650.2 27.53 0.61 12.25 0.46 7615 0.001004 21372366 0.7296 1.4E-06 5.27E-07
74.6 859.76 537.51 8147.4 25.28 0.56 10.85 0.37 7420 0.000923 16494394 0.7288 1.18E-06 4.98E-07
80.6 886.03 552.76 7803.5 23.42 0.51 9.72 0.39 7247 0.000866 13635070 0.7281 1.06E-06 4.78E-07
86.7 905.22 567.63 7877.6 23.33 0.51 9.4 0.32 7089 0.000856 11530685 0.7275 9.64E-07 4.83E-07
92.7 922.87 582.37 7786.4 22.87 0.5 8.94 0.34 6940 0.000829 9963035 0.727 8.97E-07 4.78E-07
98.8 939.2 596.85 7720.1 22.55 0.49 8.57 0.31 6801 0.000806 8382845 0.7266 8.09E-07 4.74E-07
104.8 953.25 610.96 7495.2 21.9 0.48 8.11 0.28 6673 0.000767 7198807 0.7262 7.42E-07 4.6E-07
110.9 956.91 624.57 7276.6 21.89 0.5 7.91 0.34 6554 0.000732 6155692 0.726 6.74E-07 4.47E-07
116.9 831.46 635.54 4709.7 24.04 1.11 8.51 0.49 6463 0.000467 3531290 0.7257 4.06E-07 2.89E-07
358
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
56 0.65 720 0.4 301 12089 0.00098 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 356.69 306.97 7641.6 153.69 12.4 137.43 11.7 11865 0.001295 5.35E+08 0.7835 7.22E-06 4.36E-07
8.1 469.98 323.71 6816.6 46.6 1.39 38.68 1.55 11280 0.001122 3.24E+08 0.7728 5.25E-06 3.98E-07
14.1 529.44 339.05 6571.1 34.51 0.84 26.86 1.06 10797 0.001053 2.37E+08 0.765 4.51E-06 3.9E-07
20.2 578.34 353.68 6336.6 28.2 0.62 20.71 0.73 10378 0.000991 1.67E+08 0.7588 3.65E-06 3.82E-07
26.2 617.64 367.74 6188.5 24.76 0.51 17.24 0.59 10009 0.000945 1.29E+08 0.7537 3.22E-06 3.78E-07
32.3 642.15 381.36 6069.2 23.27 0.48 15.42 0.63 9678 0.000906 96266310 0.7495 2.71E-06 3.75E-07
38.3 656.71 394.63 6006.5 22.92 0.47 14.51 0.49 9380 0.000878 77929984 0.746 2.45E-06 3.74E-07
44.4 662.92 407.75 6046.3 23.7 0.49 14.36 0.48 9105 0.000865 64739759 0.743 2.26E-06 3.8E-07
50.4 670.55 420.71 5953.6 23.83 0.5 13.86 0.53 8851 0.000835 53065620 0.7404 2.05E-06 3.77E-07
56.5 674.12 433.55 6064.6 25.21 0.54 14.11 0.53 8616 0.000833 43127667 0.7383 1.83E-06 3.87E-07
62.5 685.4 446.25 5917.8 24.75 0.54 13.35 0.45 8398 0.000797 35613523 0.7364 1.65E-06 3.8E-07
68.5 698.15 458.68 5917.3 24.71 0.53 12.87 0.44 8196 0.000782 30364715 0.7348 1.53E-06 3.82E-07
74.6 717.48 470.66 5574 22.58 0.49 11.39 0.42 8013 0.000723 24607865 0.7335 1.34E-06 3.61E-07
80.6 740.96 481.9 5295.2 20.44 0.44 10.01 0.4 7849 0.000676 20324397 0.7324 1.19E-06 3.44E-07
86.7 758.12 492.78 5296.1 19.96 0.43 9.51 0.4 7699 0.000665 17042614 0.7315 1.07E-06 3.46E-07
92.7 773.93 503.49 5204.4 19.24 0.42 8.93 0.36 7558 0.000643 14745033 0.7307 9.87E-07 3.4E-07
98.8 788.78 513.95 5112.3 18.6 0.4 8.42 0.33 7426 0.000622 12816935 0.73 9.12E-07 3.35E-07
104.8 801.48 524.08 4940 17.81 0.39 7.88 0.31 7303 0.000592 11019467 0.7294 8.3E-07 3.25E-07
110.9 807.97 534.01 4974 18.16 0.4 7.85 0.31 7188 0.000588 9912358 0.7289 7.89E-07 3.27E-07
116.9 727.68 541.56 2608.5 14.02 0.74 5.96 0.36 7103 0.000305 4922147 0.7285 4.08E-07 1.72E-07
359
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
57 0.67 1090 0.4 301 12249 0.001436 C02
L/D Tw Tb q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 386.9 309.9 11614.2 150.84 11.38 133.05 11.17 11913 0.001932 8.3E+08 0.7824 1.11E-05 6.49E-07
8.1 569.54 334.51 10052 42.77 1.16 33.9 1.31 11080 0.001603 4.09E+08 0.7677 7.1E-06 5.79E-07
14.1 655.48 356.55 9649.8 32.28 0.73 23.43 0.83 10437 0.001482 2.61E+08 0.7581 5.6E-06 5.68E-07
20.2 708.89 377.46 9338.3 28.18 0.6 18.92 0.66 9900 0.001385 1.74E+08 0.7509 4.53E-06 5.6E-07
26.2 739.62 397.62 9242.4 27.02 0.57 16.93 0.59 9439 0.001327 1.23E+08 0.7455 3.8E-06 5.62E-07
32.3 747.54 417.4 9255.1 28.03 0.6 16.47 0.57 9033 0.001287 90553450 0.7412 3.25E-06 5.7E-07
38.3 749.19 437.01 9343.3 29.93 0.67 16.58 0.58 8669 0.00126 68308192 0.7379 2.83E-06 5.82E-07
44.4 763.31 456.42 9311.1 30.34 0.68 15.9 0.56 8341 0.001219 51760492 0.7352 2.46E-06 5.84E-07
50.4 796.1 475.07 8838.2 27.53 0.61 13.72 0.51 8053 0.001125 38139799 0.7332 2.05E-06 5.59E-07
56.5 823.98 492.95 8773.2 26.5 0.58 12.62 0.54 7799 0.001087 29927826 0.7316 1.8E-06 5.57E-07
62.5 851.76 510.24 8443.6 24.72 0.53 11.29 0.41 7571 0.00102 24094179 0.7303 1.6E-06 5.39E-07
68.5 872.63 527.07 8488.1 24.56 0.53 10.79 0.38 7365 0.001 19656043 0.7293 1.44E-06 5.43E-07
74.6 895.96 543.29 7971.5 22.6 0.49 9.58 0.41 7178 0.000918 15768166 0.7285 1.26E-06 5.12E-07
80.6 920.46 558.52 7631.7 21.09 0.46 8.65 0.3 7014 0.00086 12568302 0.7278 1.09E-06 4.91E-07
86.7 937.64 573.4 7737.7 21.24 0.46 8.45 0.35 6862 0.000854 11096957 0.7273 1.04E-06 4.98E-07
92.7 953.77 588.18 7648.9 20.92 0.45 8.09 0.28 6720 0.000827 9262320 0.7268 9.31E-07 4.93E-07
98.8 968.63 602.72 7590 20.74 0.45 7.8 0.3 6587 0.000805 8089513 0.7264 8.71E-07 4.89E-07
104.8 982.34 616.84 7320.8 20.03 0.44 7.33 0.27 6464 0.000762 6679044 0.7261 7.67E-07 4.71E-07
110.9 985 630.34 7032.7 19.83 0.45 7.09 0.25 6351 0.000719 5722176 0.7258 6.98E-07 4.53E-07
116.9 845.54 641.28 4656.4 22.8 1.07 7.99 0.43 6264 0.000469 3439202 0.7256 4.4E-07 3E-07
360
Case P(MPa) Power(W) CFM Tin(K) Inlet Re Inlet q+ Gas
58 0.58 1211 0.6 301 14791 0.001372 C02
L/D Tw Th q" (W/m2) h (W/m2K) hError Nu NuError Re q+ Grq Pr Bo Kv
2 377.23 308.96 12816.4 187.74 17.55 166.7 16.69 14415 0.001768 6.76E+08 0.779 4.71E-06 4.91E-07
8.1 521.45 332.19 11663.4 61.63 2.18 49.42 2.42 13455 0.001546 3.59E+08 0.7661 3.2E-06 4.6E-07
14.1 584.85 353.83 11519.7 49.87 1.48 36.64 1.56 12680 0.001472 2.36E+08 0.7571 2.61E-06 4.65E-07
20.2 640.13 374.74 11247.3 42.38 1.12 28.79 1.14 12022 0.001389 1.59E+08 0.7502 2.13E-06 4.62E-07
26.2 696.97 394.8 10932 36.18 0.87 22.91 0.88 11460 0.001307 1.11E+08 0.745 1.76E-06 4.56E-07
32.3 744.18 413.94 10543.4 31.93 0.73 18.99 0.75 10977 0.001222 78833505 0.7408 1.45E-06 4.45E-07
38.3 784.77 432.16 10185.3 28.89 0.64 16.25 0.73 10560 0.001147 57607000 0.7379 1.22E-06 4.35E-07
44.4 815.32 449.69 10020 27.4 0.59 14.65 0.56 10193 0.001098 45879989 0.7353 1.1E-06 4.31E-07
50.4 851.35 466.49 9572.9 24.87 0.52 12.69 0.45 9869 0.001023 34416210 0.7334 9.21E-07 4.15E-07
56.5 872.14 482.78 9621.7 24.71 0.52 12.08 0.54 9577 0.001003 27569849 0.7319 8.19E-07 4.19E-07
62.5 889.23 498.76 9413.5 24.11 0.51 11.33 0.4 9311 0.000958 22709642 0.7307 7.44E-07 4.12E-07
68.5 897.02 514.56 9588 25.07 0.53 11.34 0.46 9065 0.000954 18820303 0.7296 6.76E-07 4.21E-07
74.6 908.27 530 9162.3 24.22 0.52 10.58 0.39 8840 0.000891 15388874 0.7288 6.03E-07 4.03E-07
80.6 920.63 544.8 8956.4 23.83 0.52 10.07 0.42 8637 0.000853 12502648 0.7281 5.31E-07 3.95E-07
86.7 928.88 559.45 9143.4 24.75 0.54 10.14 0.36 8447 0.000853 11095336 0.7275 5.09E-07 4.04E-07
92.7 938.95 574.12 9109.8 24.97 0.55 9.93 0.45 8267 0.000833 9300999 0.727 4.6E-07 4.03E-07
98.8 950.26 588.62 9080.6 25.11 0.55 9.7 0.35 8099 0.000814 8135559 0.7266 4.32E-07 4.02E-07
104.8 962.32 602.79 8826.7 24.55 0.55 9.23 0.38 7942 0.000776 6977410 0.7262 3.96E-07 3.91E-07
110.9 965.01 616.48 8587.1 24.64 0.57 9.03 0.36 7798 0.000741 5828140 0.726 3.52E-07 3.8E-07
116.9 836.82 627.9 6028.1 28.85 1.22 10.36 0.54 7683 0.000513 3694100 0.7257 2.35E-07 2.67E-07
361
C
